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PREFACE

. .

This volume is part of a 16-volume set that summarizes the research accomplishments of
faculty, graduate student, and high school participants in the 1992 Air Force Office of Scientific
Research (AFOSR) Summer Research Program. The current volume, Volume 10 of 16, presents
the final research reports of graduate student (GSRP) participants at Wright Laboratory.

Reports presented herein are arranged alphabetically by author and are numbered
consecutively -- e.g., 1-1, 1-2, 1-3; 2-1, 2-2, 2-3.

Research reports in the 16-volume set are organized as follows:

VOLUME TITLE
1 Program Management Report
2 Summer Faculty Research Program Reports: Armstrong Laboratory
3 Summer Faculty Research Program Reports: Phillips Laboratory
4 Summer Faculty Research Program Reports: Rome Laboratory
SA Summer Faculty Research Program Reports: Wright Laboratory (part one)
5B Summer Faculty Research Program Reports: Wright Laboratory (part two)
6 Summer Faculty Research Program Reports: Amold Engineering Development Center; Civil

Engineering Laboratory; Frank J. Seiler Research Laboratory; Wilford Hall Medical Center

7 Graduate Student Research Program Reports: Armstrong Laboratory

8 Graduate Student Research Program Reports: Phillips Laboratory

9 Graduate Student Research Program Reports: Rome Laboratory

10 Graduate Student Research Program Reports: Wright Laboratory

11 Graduate Student Research Program Reports: Amold Engineering Development Center; Civil

Engineering Laboratory; Frank J. Seiler Research Laboratory; Wilford Hall Medical Center

12 High School Apprenticeship Program Reports: Armstrong Laboratory

13 High School Apprenticeship Program Reports: Phillips Laboratory

14 High Schco! Apnrenticeship Program Reports: Rome Laboratory

15 High School Apprenticeship Program Reports: Wright Laboratory

16 High School Apprenticeship Program Reports: Amold Engineering Development Center; Civil

Engineering Laboratory
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POINT SPREAD FUNCTION CHARACTERIZATION
OF A
SCOPHONY INFRARED SCENE PROJECTOR

Terri L. Alexander
Graduate Research Associate
Center for Research in Electo-Optics & Lasers (CREOL)
University of Central Florida

Abstract

A Scophony Infrared Scene Projector (IRSP) is being used at Wright Laboratories Armament
Directorate, Guided Interceptor Technology Branch, Eglin AFB, for evaluation of thermal-
imaging guidance systems. This is a hardware-in-the-loop testing system which reduces the
number of necessary field trials and has unlimited potential for in-laboratory simulation where the
performance of entire seeker systems can be analyzed. The performance of an optical system in
terms of such characteristics as wavefront error, resolution, and transfer factor, can be measured
with knowlege of the system’s MTF and PSF performance. A slow scan calibration system was
used to measure the image plane of the IRSP under three separate configurations of the system.
MTFs and PSFs were derived for the IRSP without the use of the scatter screen, with the scatter
screen in place, and with the scatter screen rotating.




POINT SPREAD FUNCTION CHARACTERIZATION
OFA
SCOPHONY INFRARED SCENE PROJECTCR

T=rri L. Alexander
I INTRODUCTI ON

The Kinetic Kill Vehicle Hardware-in-the-Loop Simulation (KHILS) Test Facility is being
developed by the Wright Laboratories Armament Directorate, Strategic Defense Division, Guided
Interceptor Branch (WL/MNSI), Eglin A¥B, FL, to provide non-destructive hardware-in-the-loop
performance testing of strategic defense interceptor systems. The main focus of the KHILS
system is in performance analysis of seeker systems, signal processing, and guidance, navigation,
and control subsystems.!

The benefits of hardware-in-the-loop testing include saved development time and expense, and
the unlimited potential of in-laboratory simulation and testing where the performance of entire
seeker systems can be tested and analyzed without the need for as many field trials. A major
component of the KHILS system is the Laser Scophony Infrared Scene Projector (IRSP). A
critical element of the IRSP is the scatter screen which is designed to eliminate laser coherence
effects and to redeZine the optical invariant of the projector system to match the unit under test. The

irfrared scene projector's optical performance and the effects of the scatter screen were investigated
for this report.

Fundamental figures of merit for an optical system are its modulation transfer, optical transfer,
and point spread functions. This report presents measured data of the IRSP pixel intensity profiles
with and without the scatter screen. That data is then used to determine modulation transfer
function and point spread function performance.

II THEORY

i) Laser Scophony IRSP

The KHILS IRSP is a scanned laser projection system that employs Scophony techniques with
acousto-optic modulation/deflection devices to project high resolution 96x96 pixei imagery in up o
four infrared wavebands simultaneously. Figure 1 is a diagram of the IRSP optical Javout.

Figure 1. Infrared Scene Projector optical layout.1
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Scophony modulation uses a collimated laser beam to fill a large portion of the acousto-optic
modulator cell. Spreading the laser input allows the projection of multiple pixels simultaneously.
This method is used to increase the dwell time of the IRSP on respective seeker/focal plane array

detectors, which also increases the spatial resolution.?-3

The four laser optical trains can be used in any combination for single or multiple wavelength
testing. During multi-wavelength operation, the image scan of all optics trains is synchronized.
and the outputs are optically combined. This report focuses on the CO,-laser-driven 9.28um
optical train.

A functional block diagram of the optical system and the Scophony image scan pattern for a
96x96 pixel format are shown in Figure 2.

]
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Figure 2. IRSP functional block diagram and Scophony scan pattern.!

Active elements in the system include the laser source and the acousto-optic modulator and
deflectors (AOMs, AODs). The power AOM is used to attenuate the laser output and control the
maximum intensity within the overall image. The beam splitter divides the laser beam into six
equal intensity segments with a 16-line vertical spacing between each segment. The complete
96x96 pixel image is formed using six channels with each channel consisting of 16 lines of 96
pixels each. Within each channel, the Scophony AOM produces » 10-pixel wide intensity
modulated laser spot which is scanned over the 96x16 portion of the image using the fast and slow
AODs in the pattern shown in the lower portion of Figure 2. All six channels are scanned

simultaneously, so that, at any instant of time 60 pixels in the 96x96 image are being illuminated !

ii) Scatter Screens

The laser sources used in the IRSP produce monochromatic light with a high degree of spatial
coherence. Although lasers provide an excellent source of high intensity light, their coherence
introduces an interference phenomena known as laser speckle which causes a non-uniform
intensity pattern. Additionally, as with any optical system, a fundamental characteristic of the
IRSP is its Optical Invariant (Lagrange Invariant). The optical invariant states that across any
surface for a given optical system

ypNu - yNup = a constant
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where y p is the chief ray height, Uy is the chief ray angle with respect to the optical axis, N is the

index of refraction, y is the axial ray height, and u is the axial ray angle with respect to the optical
axis. A result of this theorem is that if the aperture of a system can be varied, then the angular field
must change in inverse ratio to the aperture. The product of aperture and field is constant and

increasing one must result in reduction of the other.

The scatter screen is a Zinc Selenide (ZnSe) circular plate (3mm thick, 1.5 inch diameter) with
an rms roughness of 0.75um and antireflection coating designed uniquely for use with each
wavelength of operation. The purpose of the scatter screen is to modify the optical invariant
established at the scophony acousto-optic modulator allowing for collimating optics to match the
invariant of the seeker. The rms roughness which establishes optimum non-lambertion output
without introducing unacceptable attenuation is currently being investigated. In addition to
modifying the optical invariant, rotation of the scatter screen causes the beam to encounter different
scattering sites and averages out the interference effects. The result is loss of coherence and

elimination of laser speckle.®

iii) Point Spread Function, Optical Transfer Function and Modulation Transfer Function

Discussion of the point spread function (PSF), opt cal transfer function (OTF), modulation
transfer function (MTF), and their relationships to each other is in order. A graphical
representation of their relationships is shown in Figure 3.

OBJECT
ez

COmPION PUDH  purecorreietion Spticsl Irenster  |oTF | Meodulation
Function = runclion » Transtar

P(E.n) oTF(E,n) Function

Fr T

Alx,y) TE: PSFix,y}

Amplitude Spread 3= Poinl Sprasd
Function Function

Figure 3. Relationships between different imaging properties of an optical system.”

We begin with a complex pupil function P(tn), which describes the wavefront shape as it

emerges from the IRSP (where § and 7 are the spatial frequencies in the X and Y directions). The
Fourier transform of P(gn) is the amplitude spread function A(x,y) which is a field amplitude and
phase. The squared modulus of A(x,y) is the point spread function PSF(x,y) which is a profile of
the resulting irradiance distribution in the image plane. The Fourier transform of the PSF(x,y) is
the optical transfer function OTF(gn). The OTF is a measure of an optical system's ability to form
. high contrast images. The modulation transfer function MTF(£n) is the modulus of the OTF and is
a measure of the reduction in contrast from object to image. If the modulation of a periodic, one-
dimensional irradiance (I) distribution is defined as

modulation depth = {I(max) - I(min)} / {I{(max) + I[(min)}

then for a sinusoidal distribution with some spatial frequency E, the modulation transfer is the
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decrease in modulation depth from the object plane to the image plane

modulation transfer = image modulation / object modulation.

Plotting the modulation transfer versus spatial frequency is the modulation transfer function
MTF(g).*

iv) Measurement Methodology

The IRSP output image is projected directly to a seeker under test or folded through a series of
mirrors to the Slow Scan Calibration System (SSCS) as shown in Figure 1. The SSCS has a
collimated blackbody source for radiometric and spatial reference. The SSCS uses an off-axis-
parabola (OAP) to focus the IRSP output to an image plane whicl is scanned by a single element
Mercury-cadmium-telluride (HgCdTe) photovoltaic detector. The resulting irradiance distribution
is then used to determine the spatial characteristics of the IRSP image. This arrangement is shown
in Figure 4.

11,114 #ft enis
................................. s serusels
L]

. scotter 1
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sy e ~ - - .
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[} . - - 4 A
] ]

[ goiocter

Rl 2 R I P I e R A R ]

Figure 4. The IRSP output is passed through an off-axis-parabola and focused down the
detector.

The irradiance distribution data measured by the SSCS is the resultant point spread function of
the IRSP and the SSCS optical systems. This aggregate PSF can be described by the following
equation:

PSF

measured

where * denotes the convolution operator and the detector has an along-scan width w(x). The
detector contribution to PSF,,, .., is determined by its dimensions. This leaves two unknowns,
PSFgsp and PSF(,,p The contribution of PSF,,,p must now be determined.

Measurement of PSF,, p requires consideration of the consequences of source size, detector

size, and collimator quality on the measured PSF. This will be done exclusive of the IRSP. The
arrangement for determining PSF, p is shown in Figure 5.

The scanning detector produces an output voitage v(x) as a function of position. This output
voltage is a function of detector width along the scan direction w(x). If the irradiance distribution

_in the image plane is denoted by i(x) (Watt/cm?), then the detector output is

v(x) = i(x) » w(X). )
The irradiance distribution in the image plane i(x), is the convolution of the ideal image with the

PSF produced by the collimator/OAP system. The ideal image here is p(x/dM), where p(x) is the
pinhole function, d is the diameter of the pinhole, and M is the magnification of the collimator/OAP
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system. Now we have
i(x) = p(x/dM) « PSF_ ;1004p(X)- 3)

bleckbody

pinnote P(X) /

o' !
[ roan
mirror colliomator

L

chopper

of! oris
poarobole

mirroc

vV{X) —==S—detector -

Figure 5. Experimental arrangement for the characterization of the off-axis-parabola.

The point spread function of the collimator and OAP system from equation (3) is the
convolution of the PSFs caused by aberrations in the collimator and the OAP, as well as the PSF
caused by diffraction in the collimator/OAP system.

Thisis

PSF .onicoa(X) = PSF ey cotfX) » PSFpr 0aP(X) * PSFyigsacrion coltionr(X)-

Assuming the collimator is diffraction-limited (this is experimentally verified later), we let
PSF ,p.rr cont = 8(x). Using the properties of the convolution with a delta function we now have

PSF ,1804p(X) = PSFE ey ou (%) = PSF iz ocrion, comionr(¥)-

Diffraction PSF is calculated once for a whole system and is determined by the limiting aperture for
the overall optics train. In this case the PS¥ig, i colllOAPLX) 18 determined by the aperiure stop

a
of the collimator and QAP system. Since the OAP is the aperture stop of the system it will
determine PSF,z ., This also means that the OAP will be operating at a larger F-number (F/#)

than the collimator since the OAP is overfilled by the collimator. The F/# is 2 way to specify the
amount of aperture used in an optical system. However, while this experiment would have the
OAP operating at a certain relative aperture determined by the collimator beam overfilling the
_aperture, once we direct the IRSP into the OAP for characterization of the IRSP, this beam will not

overfill the aperture and will cause the OAP to operate at a different F/#. To comect for this, we
must know the beam size generated by the IRSP and apply an aperture stop of equal size directly to
the OAP during characterization of the OAP (this is shown in the experimental procedure section).
Therefore, the PSF g, 4crion cottionp 1S PSFuipracrio. oap. NOW

PSFCGU&OAP(X) = PSFaberrOAP(x) . PSFdiﬂ"rac:ion OAP(X) = PSFOAP(X)
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Retumning to equations (2) and (3) and making appropriate substitutions we have an expression for
the measured data:

v(x) = w(x) » p(x/dM) « PSF,, p(x)} (4)

Iu a diffraction limited system, the point spread function would correspond in shape 1o the
diffraction pattern produced by a point source. For a small pinhole and a small detector, this
would be the case and v(x) would equa! PSF,,p- But for a finite detector and a finite pinhole the

affects of this convolution must be considered.?

Recall that a convolution in the spatial domain is a multiplication in the Fourier domain.® If we
take the Fourier transform of equation (4) and divide out the detector and pinhole affects we have
the MTF of the OAP.

V(E) = W(E) x P(dME) x MTFq,p(E)

and
MTFpup(8) = V(E) / {W(E) x P(AME)}. (5)
Calculation of the PSF ¢. the OAP is performed by inverse Fourier transforming the MTF,p .

With this accomplished, we direct the IRSP to the detector by way of the OAP as in Figure 4
and recalling equation (1)

PSF  icured = PSFipsp » PSFoup » W(X) (1)
and in the Fourier domain

MTF ed = MTF[RSP X MTFOAP X W(g)

measur

MTFIRSP = MTFmea.wred/ {MTFOAP X W(g)}

S Y MTFjpep} = PSFppsp (6)

where 31 denotes the inverse Fourier transform.

IIT EXPERIMENTAIL PROCEDURE

The objective of this experiment is to measure baseline performance of the infrared scene
projector described above for three cases. The three cases are (1) without the scatter screen, (2)
with the scatter screen in place, and (3) with the scaiter screen in place and rotating. The measured
. data will then be used to determine point spread, and modulation transfer functions for all three
cases.

i) Verify TOAN collimation.

A Telescopic Off Axis Newtonian (TOAN) Collimator is used during measurements to
determine PSF,,p as shown in Figure 5. It is necessary to confirm that the output beam is

collimated.
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Apparatus: SORL TOAN Collimator (focal length 30.059", F/# 5.01)
Blackbody (temperature 800°K)
Pinhole (1.2mm = 0.04724" diameter)
Theodolite
Penta prism

The effective field of view of the system is determined by the diameter of the pinhole aperture
placed in the focal plane, and is calculated assuming the small angle approximation

Bn® = © = ¢ /f o b/ {F/# D} (7)

where ¢ is the diameter of the pinhole, f is the focal length of the primary mirror, and D (6") is the
~lear aperture of the system. The result is a 0.09° effective field of view and a 0.045° expected
deviation from collimation.

Procedure: Alignment data was taken by means of a theodolite and translation of penta prism
across the collimator output beam at 4 positions with one inch spacings.

Results: A vertical deviation of 0.025° and a horizontal deviation of 0.0072° confirms
collimator quality.

ii) Determination of required aperture size.

To ensure that the OAP operates at the same F/# during its characterization as it does during
IRSP data collection, IRSP collimated beam size must be determined.

A single pixel was used to generate an IRSP collimated beam output. The location and size of
the pupil was determined with the use of a pyroelectric vidicon. The size of the pupil was
measured to be 1.8 inches in diameter at 97.7 inches from the primary mirror. A pliable plastic
material was fitted to the OAP aperture with a centered opening 1.8 inches in diamenter.

iii) Data collection for PSF,,, p calculations.

Apparatus: SORL TOAN Collimator (focal length 30.059", F/# 5.01)
SORL Off Axis Parabola (focal length 49.878", F/# 8.33)
Blackbody (temperature 800°K)
Pinhole (256pum = 0.01007874" diameter)
Detector size 250um

Procedure: The detector is placed in the focal plane of the OAP. We would like to have a
diffraction limited collimator. With a blackbody temperature of 800°K we can assume a worse case
resolution at 10um and calculate the largest pinhole size to be considered a point source.

2.440F/# = 2.44(10pm)(5.01) = 122.2um (8)

Due to limited time and hardware availability we manufactured our own pinhole and had to settle
for a 256um diameter. The diameter of the pinhole was measured with an electron microscope
which furnished photographs of the aperture and allowed for the identification of a flaw in the
smoothness of the drilled hole. Now instead of the diffraction limited Airy disk at the detector, we
have the image of the pinhole. This arrangement is equivalent to Figure 6.
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Figure 6. Equivalent magnification system for the OAP characterization.

Expected spot size at detector:

diameter;,, age = diametcrp,-,,;,ok x (four froan) (9)
=424 8pm

Results: On the first trial, the center of the spot was located using a Slow Scan Calibration
System (SSCS) which moves the detector stage in vertical and horizontal directions taking any
desired number of steps at 0.5um per step. Each data point was taken by moving the stage and
using an oscilloscope to measure the detector response at each position. The scanning process is a
convolution of the detector with the image. The data collected will be larger than the actual image
by the width of the detector. The results of a scan in the X and Y directions are shown in Figure 7.

Horizontal Scan of BB OAP Spot Vertical Scan of BB OAP Spot

s - o8
L] E |
08y . 0.6 o
. s B
; Qs ] ; o4 [ |
° r 4
> ] > - y
024 ' 624 » =
L - »
.Y v - 'h 0.0 v \
60000 81000 82000 63000 84000 85000 58000 50000 60000 61000 62000
Stape (3 pm) Steps (5 um)
Figure 7. Original scan in the X and Y direction of image generated by the set up described by

Figure 6.

In the horizontal direction 3700 steps taken at 0.5um each means a 1850um scan was taken.
Subtracting the detector overlap of 250pum leaves an image size of 1600um. Horizontally we also
notice an unexpected sidelobe, an anomaly with many possible causes. If we disregard the
sidelobe which is 750um, the resulting image size is 850um which is exactly twice as big as
expected. Vertically the image appears symmetric and Gaussian, however after allowing for the
detector overlap we still have an 850pum image, also twice the size prediced by equation (9).

Possible sources of error considered were coma, the flaw in the pinhole, internal detector
reflections, and alignment. The possibility of coma was ruled out with the use of

coma = k' [ 16(F/#)? (10)
where k' is the height of the image above the axis and F/# is the F-number of the system.?
Application of the above equation showed coma due to possible misalignment of one inch would

be no greater than 23pum. To rule out pinhole flaws it was rotated 90° with no improvement in
results. Detector tilt was ruled out after an adjustment and more data collection showed no change.
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Complete realignment and focusing solved the problem with nearly perfect results:

Horizontal Scan of 88 OAP Spot Vartical Scan of B” OAP Spot
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Figure 8. Image irradiance distribution after realignment of SSCS optical system.

Vertical and horizontal profiles are nearly perfect Gaussians and the image size in each case is
~400um after subtracting detector overlap as measured from the 1/e2 point.

This data and all that follows were collected using a scanning program written for the SSCS
described above which now uses a digital oscilloscope and scans the entire image plane and
displays the measured voltages on a CRT. Now instead of an X and Y slice of the irradiance
distribution, a complete two-dimensional image sample is obtained.

Now with confidence in the OAP characterization data we may proceed with the IRSP
characterization.

iv) Data collection for caiculation of PSF;g¢p-

Using the arrangement in Figure 4, and the scanning procedure described above, measurements
were taken over the entire image plane of one pixel for each of the three desired configurations:
without the scatter screen, with the scatter screen, and with the scatter screen rotating. An
interactive data language (Precision Visuals: PV WAVE) was used at a VAX workstation to generate
3-dimensional plots of the measured data, MTFs, PSFs, and contour plots of the PSFs for each of
the three cases. Hand calculations were performed for a horizontal dimensional analysis of the
MTF and PSF of the IRSP without the scatter screen to verify computer results with excellent
agreement and are included in the results section for comparison.

IV. RESULTS

i) IRSP without the scatter screen.

The irradiance distribution of the image plane without the scatter screen is shown in Figure 9.

- The projected image is of one pixel and a Gaussian distribution is expected. Without the scatter

screen the output is circular in the X-Y plane but does not appear Gaussian from the perspective of

Figure 9. Although the fluctuations in the peak values rule out any saturation possibilities, it does

appear to have an on/off quality. Possibily this is caused by a defocussing effect due to the

removal of the scatter and the resulting shorter optical path length. The missing scatter screen
could also be responsible for a mismatch in F/#s occurring between the acousto-optics and the
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Figure 9. Image plane irradiance distribution of the IRSP without the scatter screen.

and the collimating optics. Further investigation shows the unusual appearance of this plot to be
somewhat deceiving as shown in Figure 10. To confirm the validity of the data and obtain a more
representitive profile, the data were summed in the horizontal and vertical directions and plotted

versus X and Y to verify a Gaussian distribution.

Vortical Summation of RSP
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Figure 10. (a) Horizontal and (b) vertical summation profiles of the IRSP image plane without the
scatter screen.

Figure 11 is a plot of the modulation transfer function of the IRSP without the scatter screen.
The plot shows two curves of modulation transfer versus frequency in cycles per mm. The solid
line represents the modulation transfer in a horizontal slice of the MTF. The dotted line represents
the vertical MTF.
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Figure 11. MTF of the IRSP without the scatter screen. The solid line is the horizontal
MTF and the dotted line is the vertical MTF in cycles per mm.

Figures 12 and 13 are plots of the point spread function of the IRSP without the scatter screen.
In Figure 12 a 3-dimentional plot is provided and Figure 13 is a contour plot of the PSF as it would

look viewed from above. The center represents the maximum value of one and each line decreases
in magnitude by one tenth.
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Figure 12. Point Spread Function of the JRSP without the scatter screen.
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The modulation transfer function and the point spread function for the IRSP shown in Figure
14 were calculated by hand using the method of Fourier transformation, division of OAP and
detector effects and inverse-Fourier transformation described in section I1.

Moduialion Transfer Function of IRSP
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Figure 14 . Hand calculated (a) MTF and (b) PSF of the IRSP without the scatter screen.

Comparison of the hand calculated MTF and the FFT computer generated MTF shows excellent
agreement and in fact the actual modulation transfer in the horizontal direction remains stronger at
longer frequencies than the calcualted MTF. Point spread functions compare ideally.
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i) IRSP with the scatter screen.

With the scatter screen in place, the measured irradiance distribution is quite smooth, uniform
and Gaussian (Figure 15). Recall that rotation of the scatter screen destrovs laser coherence and

Vaollg

Figure 15. Image plane irradiance distribution for the IRSP with the scatter screen.

eliminates laser speckle. Here there are no signs of degradation due to laser speckle without
rotatiion of the screen. It is possible that coherence has already been jost by the time the beam

reaches the scatter screen. The slightly larger distribution can be attributed to the increased angte
after passing through the scatter screen.

Figure 16 is the MTF in the horizontal and vertical direction of the IRSP without the scatter

screen. A small decrease in modulation transfer can be expected due to the presence of the scatter
screen.
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Figure 16. MTF in the X (solid line), and Y (dotted line) of the IRSP with scatter screen.
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Figure 17 is the point spread function and Figure 18 is the contour of the PSF of the IRSP with
the scatter screen. .0
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Figure 17. Point.Spread Function of the IRSP with the scatter screen.

~ 1200+« I 3
2 ~~n~E : |
3 00 ! L S
Z L | i -
® — - é | il
RS =AA | | | !
EE 500 t /2;;E==:~\\\\\ | i 3
- J | 3

—~ N L i GEE§§:§§§\ ; ‘ -
~a l_ - - TN T T g
2 - A
= NN L | / i :
~ T oYU L ; | : !
— - ! % : | .
2 Annt | | | | ]
~ ..-"\Jfo... i '
- oo || G

- i
-1300E. 0t bt
’ —-1505100500 0O 300 100015022
X cistance (micrens)

Figure 18. Contour of the IRSP PSF with the scatter screen. The center magnitude is one
and each level decreases by one tenth.
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1ii) IRSP with the scatter screen rotating.

The most interesting result occurred with the scatter screen rotating. The data coliection

indicates a jagged and fluctuating distribution. As the scatter screen rotates the beam is
continuously striking
.4

»
o

Volts

Figure 19. Image plane irradiance distribution of IRSP with scatter screen rotating.

a different position on the screen which has a rough surface. One possible explanation is the slow
scan with respect to the frame time. As the detector scans the region, it collects data at
approximately 1 sample per second. The IRSP is generating frames at 1 per 320us. Each data
point is taken at a different frame and pixel dwell time at each sample is at a random position of the

scatter screen. Rotation of the screen aiso introduces a deviation of line of sight and result in 2
larger spot. Figure 20 is the MTF in the X and Y directions.
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Figure 20. MTF of the IRSP in the X (solid line) and Y (dotted line) directions with the scatter
screen rotating.
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Figure 21 is the PSF of the [RSP and Figure 22 i< the countour plot of the PSF with the scaiter
screen rotating.

Revstive tiradance

Figure 21. PSF of the IRSP with the scatter screen rotating.
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Figure 22. Countour plot of the IRSP PSF with the scatter screen rotating. Center magnitude is
one and each level decreases by one tenth.
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vV CONCLUSION

The objective of this experiment was to determine the point spread and modulation transfer
functions of a laser Scophony modulated KHILS infrared scene projector for three separate
configurations: (1) without the scatter screen, (2) with the scatter screen in place and (3) with the
scatter screen rotating.

The results are shown in section I'V where for each configuration we have included graphical
plots of 1) the original measured data, 2) an MTF curve in the X and Y directions, 3) a 3-
dimensional plot of the PSF and 4) a contour plot of the PSF.

Noteworthy observations include the striking difference in the appearance of the image plane in
each of the three cases. The effects of the scatter screen on the measured data, the MTFs, and the
PSF are shown and discussed in the results section. It is shown that a defocusing and mismatch of
F/#s possibly occured while the scatter screen was removed and although the SSCS scanning stage
is mechanized and calibrated to 0.5um movements in the X and Y directions, there is no similar
control for the Z direction. If a similar control was available for detector movement in the Z
direction these possible sources of error could be ruled out. Laser speckle degradation was
expected while the scatter screen was not rotating but was not evident in the results. Large
fluctuations occurred in the measured image plane while the scatter screen was rotating. One
possible explanation is the slow scan with respect to frame time.
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Abstract

A general layered composite model was developed which could be
used to study three families of cracked composite problems.
Normalized stress intensity factor (SIF), load diffusion, and
stresses versus variation of mechanical properties in i
nonhomogeneous interphase region, global volume fraction, or local
volume fraction (simulating a defect) could be found.

Results for the global volume fraction parametric study were
obtained. Normalized stress intensity factocr for E./E, ratios
greater than unity decreased as global volume fraction increased in
the perfect bond case. For the same configuration load diffusion
improved with inc-easing volume fraction.

Preliminary results were also found for linear and guadratic
variations of Young’s Modulus in a nonhomogeneous interphase. For
E./E. ratios less than one, normalized stress intensity factor
decreased as the concentration of the stiffer matrix material near

the fiber increased.




THE EFFECT OF NONHOMOCENEQUS INTERPHASES

.......

AND GLOBAL, LOCAL JOLUME FRACTION
ON THE MECHANICS OF &~ LAYERED CCMPOSITE

Vernon T. Bechel

INTRODUCTION

In recent years 1t has become well-accepted that there exists
a region {(dubbed the interphase) between the pure fiber material
and the bulk matrix material that has neither the fiber properties
nor the matrix properties. This region occurs as a result of
diffusion, coatings applied to the fiber, or chemical reaction
between fiber and matrix. The interphase area is vitally important
in the mechanics of a composite since it is through this region
that the load is transferred from the matrix to the fiber. The
lateral strength of the composite 1is also determined by the
interphase properties. The interphase region and the interface
bonds between the fiber, interphase, and matrix can be designed to
toughen a composite by allowing the fiber to locally delaminate
rather than cracking completely under axial tension loading.
{Chamis, 1974; Kaw and Das, 1991 This gaper rconsiders the
consequences of an interphase region with nonhomogeneous
properties.

Ancther 1important characteristic of a composite 1s volume
fraction. Often micromechanical fracture problems are solved using
techniques such as allowing the portion of the compeosite away from
the crack to have constant properties. This would simulate very
low or "zero" wvolume fraction. The method described here can be

used to solve the volume fraction problem for any wvolume fraction

2~3




by using alternating finite width strips of infinite lengths.

FORMULATION

-

The geometry of the problem is shown in Figure 1. A cracked
laver of width 2h, with a crack of length 2a that can extend up to
the interface is attached to a nonhomogeneous strip whose Young'’s
Modulus and Poisson‘s ratio are allowed to vary as any polynomial.
An arbitrary number of homogeneous layers of differing mechanical
properties and widths can be attached to the interphacse. The
problem is symmetric, and the composite 1s under a temperature load
and remote uniform axial strain. The problem is broken into a
cracked and uncracked problem. Only the pressurized crack problem
is solved here for a pressure, p. All strips have isotropic
properties.

As stated, three families of problems can be solved using this
general model. (See Figure 2.) To study the effect of global volume
fraction, the nonhomogeneous interphase is given a width of zero,
and several layers with alternating properties and widths are
attached to the cracked layer. Adding more than seven layers did
not significantly alter the SIF or stresses near the cracked layer;
therefore results here are for a total of eight layers - four fiber
and four matrix.

A similar arrangement could be used to study the effect of a
defective matrix layer that has a width larger or smaller than the
other matrix layers. This 1s shown in Figure 2 as "local volume

fraction".

2-4
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when -“he width of the interphase 1s taken tc be non-zero, the
effect of a nonhomogeneous Iinterphase <an e studied. The
interphase has to be broken into several exponentially varying
strips, as shown in Figure 32, where the properties of each
interphase strip are piecewise continuous and have the following

form:

E (x) = EjiePs

v, (x) = (A1 + Byix)ePs

where i represents the number of the strip. The E.’s, A,’s, B,'s,
and PB's are found by imposing continuity conditions. The
exponential model was used because the stress and displacement
field equations can be found for that type of nonhomogeneity
(Delale and Erdogan, 1988). The number of strips that the
interphase is broken into is governed by a prespecified tolerance
between the actual value for the properties and the value given Ly
the particular exponential model in each :indiwvidual strip. The
example in Figure 3 shows an interphase with linearly varying
properties approximated by four narrower strips of exponentially
varying properties. 0.01 was used as the prespecified tolerance.
Using this technique, several variations c¢f the mechanical
properties in the nonhomogeneous interphase and their effect on SIF
and load diffusion could be investigated. Linear and gquadratic

functions for the Young‘s modul.s were used.
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E(x) = C exp(Bx)
v(x) = (A + Bx) exp(Bx)

Figure 3 Breakdown of Interphase into
Exponential Segments
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Stress and Displacement Field Egquations
The displacment and stress field equations for an infinizely _Zong

strip with a crack in 1t are given by Sneddon and Lowengrun, 1969.
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(n) cosh(nx))cos(ny)dn
¢1(€) (K1-1
13 2

u, (x,y)

(% [ £, (n) -
(o4

1]

1
RN
\.‘g

g, (n) 1sinh(nx)

+
*
R

- Ey)esin(Ex) dE,

Ao

K, +1
2
+ xg, (n)sinh(nx))sin(ny)dn

27 &,(8)  x+1
+—n’£ 3 (=5

viix,y) =

|
aln

(71? [ £(n)+ g, (n) ] cosh (nx)

+ Ey)eYcos (Ex) dE.

4u,
T

0. (x,¥)

[ £ (n)coshinx) + nxg, (n)sinh(nx)]cos (ny)dn
[}

3. - ¢
n.([ b, (8) (1 - Ey) e Yeos (Ex) dE,

4
0, ) = [ (£(n) + 2, (M) ]coshnx)
s}
+ 1xg, (n) sinh(nx))cos (nx)dn
4 -
- 2B 4,8 (1 + Ey)eeos (Ex) dE
r 0
4 -
0.t y) = “EL[ (1£(m) + g (m)1sinh(nx)

o]
+nxg, (n)cosh(nx))sin(ny)dn
4"1f Evd, (E) esin (Ex) dE .
Q

7

to
|
0




The displacement and stress ZIield =quacions for the
nonhomogeneous interphase strips (exponential case) are given Ly

Delale and Erdcgan, 1988.

2 7 M, Gmx o) an)
uy (x,3) = “.,0{ (S (= 3 e
. [c4(n)x , San) o) ] @™
ml m12 ml
- [byc, (n)mx? + mx(ayc,(n) +byc, ()} + agc; (n)my
e™*

byc, (n) + azc,(n) ]

2
- lbycy (M) myx? +myx(ay,c, (M) +bycy (1))

+

mx
a,cy(n)m, - byc,(n) + a)c,(n)] ez ycos (ny)dn,

2
nE,

v (X, y) = [ (2—111(m12(c1(m+c2(n)x> + 2m.c,(n)) e ™"
0

+ (M2 (o, (n) +c, (M) x) + 2mc (n)) e ™
+ (@g+bex)n [ (o (N) +c, () x) €™
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Boundary Conditions
The above stress and displacement fields sguaticns were then
employed by applying appropriate boundary conditions. <Continuity
of displacements and tractions at the interface between =ach

infinite strip was enforced as follows:

O (X4, ¥) = 0,0 (X410, )
0, (x,y) = 0,1 (x,,,,¥)
ui(xi,y) = u1+1(xi+1:y)
vi(x;,y) = vii(xy,,y)

==> 4(n-1) equations.
The free edge condition at the outer layer of the model was then

accounted for as follows:
0, "(x,,y) =0
0, (x,y) =0

==> 2 equations.
Finally, mixed boundary conditions were applied at y = 0 in the

cracked layer as follows:

o, (x,0) = -p(x) x| <a (1)
v, (x,0) =0 ac<|x|<hn (2)
ov,

Define ax_tx,0)=G(x), invert, substituteinto(l)
==> 1 eguation.
This results in a total of 4{(n-1)+3 equations. Inspecting the
number of unknown functions present in the stress and displacement
field equations reveals the following:
‘3 1in cracked strip 3 unknowns

4 1in each attached strip 4(n-1) unknowns

4(n-1)+3 total unknowns.




Singular Integral Equaticn
A single singular integral eguaticn (SIE) of the fsollowing
form results

-mp(X) (1+K,)
ap,

a a
[£%dr - [e(n) kit xde =
-a -a

t-x

The asymptotic analysis for a crack located in a homogeneous
material and with 1its tip impinging on a nonhomogeneous material
was already done by Kaw and Selvarathinam (1990). Theixr
investigation verified that the singularity is still of the type
G(t) = 1/(a®* - t“)Y where Yy can be found by solving the

characteristic equation below.

2cosmy + 4A,(y - 1)% - (A, +A,) =0

A, and A, are functions of the material properties of the two
materials that the crack tip is embedded in.

The system of egquations was then solved by solving the system
(not 1including the SIE) at each value o©f n (required by the
solution of the SIE) to get f.{(n) and g.(n) in terms cf integrals
of the unknown function G(t). The SIE was then sclved by

normalizing and converting it to a summation as follows

f Y () —X aklat,ay)ldr = constant
~1 (}-—Tz)Y T - y

N
y Ajw(rj){;——%——-+ ak(art ;. ay,)] = constant

= 1 - Y
where 1.’s, y.’s, and A.’s were chosen by Gauss-Jacobi .ntegration
formulas. To be able to solve the equations i1n t“he above
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.

summation, a final equaticn s required - the single-valuedness

-

condition.

N
Y A vty =0

J=1

Stress Intensity Factor
The stress intensity factor was calculated based on the

following formula

K= - zﬁmg)’w(l)
Gupta(l1l973), where WU 1is a function of material properties. The

SIF was then normalized with respect to pa“ ‘.

Results and Conclusions

Because of time constraints, few results were obtained. As
stated, a study was done to determine how many strips were reguired
for consistent results for the glcocbal and local volume fraction
results. The extreme case of volume fraction equal to .5 and fiber
to matrix modulili ratio equal to 1/20 was used. The x and y normail
stresses and the SIF had a changed negligibly when adding more than
seven layers. (See Figures 4 and 5.) Therefore, eight total strips
were chosen used.

Normalized stress intensity factor and load diffusicn results
Qere obtained for the global volume fraction problems. (See Figures
6 and 7.) E./E. was calculated in all cases based on the cracked
layer being considered to be a fiber layer . Stress ilntensity
factor for érrangements with fibers stiffer rthan the matrix
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decreased as volume fracricn increased. For the same confijursclicn
~cad diffusicn i1mproved with increasing wolume Ifraction These
results can be attributed o the cracked fiber sensing The seconag
fiber layer moving closer as the volume fracticn increases. A4S the
second fiber layer moves closer, it carries more of the load -hat
the cracked layer would have been required to carry.

Initial results were also acquired for the nonhomogeneous

interphase family of problems (not t

of Young’s modulus in the

linear case and the two guadratic

Young‘’s modulus function zero at the either the right cr

of the interphase. (See Figure 9.)
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the linear case results in a greater average Young’s modulus

the cracked fiber-matrix interface
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decreased as average Young's modulus near the crack tip increased.
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becoming stiffer on the average and carrying more of the lcad that

the cracked fiber would otherwise have to carry.
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Figure 9 Interphase Models
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VELOCITY AND TEMPERATURE MEASUREMENTS
IN A HIGH SWIRL DUMP COMBUSTOR

Dr. Richard D. Gould and Mr. Lance H. Benedict
Mechanical and Aerospace Engineering
North Carolina State University
Raleigh, NC 27695

ABSTRACT

Successful two component laser Doppler velocimetry (LDV) and single point tempera-
ture measurements were made in the highly swirling flow field of a model dump combustor.
A type S Platinum/10 % Platinum-Rhodium thermocouple probe was used to make tem-
perature measurements. A lean propane-air diffusion flame with an overall equivalence ratio
of ® = 0.45 was stabilized in the combustion chamber by the flow pattern of the Wright
Laboratory/Rolls Royce (WL/RR) swirler. The reacting flow case was found to have higher
axial and tangential mean velocities than the isothermal flow case throughout most of the
flow field due to heat release. A shorter central recirculation bubble was found in the reacting
flow case due to the pressure gradients produced by these higher mean velocities. Turbulent
normal stresses were found to be larger while the maximum value of the u"w’ turbulent shear
stress was found to be less in the reacting flow case when compared to the isothermal flow
case. Maximum mean temperatures occurred were maximum turbulent stresses occurred

thus suggesting that gradient transport modeling may be successful in predicting this flow
field.
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DEVELOPMENT OF AN ENHANCED
POST RUN DATA ANALYSIS PROGRAM FOR
THE INTEGRATED ELECTROMAGNETIC SYSTEM SIMULATOR

(IESS)
Benjamin F. Bohren
Graduate Student

Department of Computer Science
The University of North Carolina at Charlotte

Absiract

The ability for engineers 10 accurately evaluate the output signals generated by the Integrated,
Communication, Navigation, and Identification Avionics(JICNIA) Advanced Development Models
(ADMs) while in the IESS testing environment is a crucial factor in determining if ICNIA is operating
correctly. Before this contract, IESS only generated an immense, difficult to evaluate text file. The
enhanced post run data analysis program, called SLICK (Signal Listing IESS Critiquing Knowledge
information processor), enables the engineer to select specific output data to be placed in a spreadsheet.
Consequently, the engineer is able to graph selected data items; hence tuming a chaos of numbers into a

meaningful picture,
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DEVELOPMENT OF AN ENHANCED
POST RUN DATA ANALYSIS PROGRAM FOR
THE INTEGRATED ELECTROMAGNETIC SYSTEM SIMULATOR
(IESS)

Benjamin F. Bohren

Introduction

The ability for engineers to accurately evaluate the output signals generated by the Integrated
Communication Navigation and Identification Avionics (ICNIA) while in the [ESS testing environmeat is
a crucial factor in determining if ICNIA is operating correctly. ICNIA is a prototype avionics unit for
military aircraft. The signals ICNIA generates include Global Positioning System (GPS), Tactical
Navigation (TACAN), Ideatification Friend or Foe (IFF), UHF/VHF/HF radios. ICNIA's test
environment, know as IESS, produces an analysis of a scenario execution in the form ¢ f a text file, cafled
the post run dump. That file contains information about the signals ICNIA was programmed (o produce,
calied truth data, and about the signals that were actually produced, called collected data. This file's size
and layout makes data comparisons virtually impossible.

In an effort W remedy this problem, the engineers began a project, ZBOX, to generate a
spreadsheet file by parsing the text file for specified information. The resulting spreadsheet could thea
be used to graph truth data versus collected data; thereby creating a visual representation of ICNIA's
accuracy.

Whea this contract began ZBOX was partially complete. However, due 1o a design
improvement, only the user's data selection process remains from ZBOX. The design improvement
included integrating the spreadsheet file generation with the current text file generation program; thereby
eliminating the parsing of the text file, a time demanding and format dependent step. Furthermore, the
spreadsheet generation is now independent of the text file and can therefore be created without creating
the text file.

The remainder of this documeat will describe the development process, the expanded

analysis capability, how to use SLICK, and the Quattro Pro macros.
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Development Process

By using the standard four phase development process of designing, coding, testing, and
debugging, the project remained ahead of schedule. The following is a more detailed description of each
step.

From a complexity standpoint, the design was straightforward. The task had few options and a
definite goal, a spreadsheet containing the values associated with user sclected record names. Yet, this is
not 1o imply there were no obstacles. The two most important design decisions were

1) To integrate the data collection with the existing IESS post run analysis program. As
mentioned in the introduction, this increased the stability of the program by eliminating it's
dependency on the format of the wext file. Additionally, having only one program will save
time for both the user and future enhancement programmers.

2) To use Quattro Pro as the spreadsheet program. Obviously, this meant the spreadsheet file
generated by SLICK had to conform to Quattro Pro importing limitations, including 254
character lines, and empty quotes for missing data. Howevez, by conforming to these
restrictions, the data was not ready to use immediately after importing. Therefore, Quattro Pro
macros were used to combine lines which had been split when they exceeded 254 characters
and to replace empty quotes with nulls.

The coding was originally coded under VMS 5.0. However, the classified machine which runs

IESS is limited to VMS 4.7 due to ORACLE code dependent on the older version. Thus minor
adjustments were needed when the program was ported to it's final destination. Furthermore, conforming
to IESS standards on naming conventions and usage of include files added time to this phase.

Testing revealed many minor problems due to a lack of knowledge about all the types of data
IESS could produce. This lead to the fourth stage, debugging, which entailed the usual fine tuning of

the code and the clarification of the prompts. Fortunately, this stage was free of any major problems.
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New Anatysis Capability

The ability 10 graph the output data generated by [ESS will help the engineers analyze ICNIAS
capabilities. Below, figure 1, is an example graph made possible by SLICK. To the unknowing eye it is
}ualcoupleoflhm;honver.touaeengineermnningIESSauchlmphwillmblehinVlumloaz
where ICNIA is malfunctioning.

In IESS truth data consist of signals [ESS sends 10 ICNIA during a scenario execution and
collecwddmminoflhewmpondingsimlsuwlCNlApmdmd. The minor frame number is
[ESS's method of keeping time during the run. Knowing this, one can see this graph shows the ICNIA
mpondinghu.Havin;lhktypeofviaulcanpaﬁsonwﬂlbeinvﬂmblcmlheengim.

Figure 1
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How to use SLICK:

Initiating the post run analysis has not been changed. Simply choose option S (post run analysis)
from the IESS main menu. This is followed by a serics of questions and selection screens, described
below. However, not all the screens will appear if 8 SLICKly formatted file is not being generated. A
SLICKly formatied file is cither of the new file formats available with SLICK enhancements (see screen
4 for details).

The screens are self explanatory; however, the term keypad should be clarified. Key pad refers

to the numeric keys away from the alphabetic characters.

Screea 1:
Rexcription: See figure 2 for actual screen.
Prompts user to find out if the input data files are on tape or disk. Tape refers w tapes which
would need © be mounted. The majority of the time, the disk option is chosen.

Screen 1: POST RUN DuMP

Press KeyPad 1 if the Post Run files are on Tape.
Press KeyPad 2 if the Post Run files are on file.
Press PFP4 to exit. >>>
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Screes 2:

Descnpuon. See figure 3 for actual screen.

Prompes user w0 find out if he/she wants o use renamed files from past runs of IESS. The
default names given by [ESS are listed below. The prefix [ESS_DIR_DATA is the logical
name where [ESS stores it's data files. Currently, this is the RP directory of the sccount runaing
[ESS. These are the names [ESS gives 0 the data files upon each scenano run. The version

aumber is the only unique identifier if the files are not renamed in the last screen of SLICK.

Default Names:

iess_dir_datacoll_data dat The collected data information.

sess_dir_data-coll_data_{mit.dat The collected data variable specification
records.

icss_dir_data:header.dat The header information.

iess_dir_data:truth.dat The truth dats information and varisble
specification.

Figure 3

. e e ———

Screen 2: Old/New file Option Menu

Press Key Pad-l to use old files - renamed files from previous run

Press Key Pad-2 to use files with the default names.

Press PFr4 TO EXIT.

>
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Screes 3:
Descrption: See figure 4 for actual screen.

Figure 4

Prompting user 1o find out which output files to generate.

A SLICKIly formatted file refers w0 either of the new file formats available with SLICK (See
screen 4 for details).

Option | generates the standard text dump that is not optimized for analysis.

Choosing option 2 or 3 will initiate further questions inquiring sbout the format of the SLICKly
formatted file (See screens 4, S, and 7).

Screen 3: Text/Spread Sheet Option

Press
Press
Press

Press

Key Pad-1 To generate text dump - STANDARD POST_RUN_DURP
Key Pad-2 To generate a SLICKly formatted file.

Key Pad-3 To generate both types of files.

Key PF& TO EXIT.

25>
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Screea &:

Description: See figure S for actual screen.

This screen only appears if a SLICK format is 0 be gencrated.

Prompts the user 10 find out if the results are intended for the printer or Quattro Pro.

Option one limits the file 10 132 columns and formats the file to be more readable. This file is
intended for printing.

Option two formats the data for importing into Quattro Pro. The file is then limited to the 254
columns with longer lines being wrapped. The titles are the most common occurrence of
wrapping and Quattro Pro Macros have been writtea to unwrap them. While wrapped titles are
casily identified by the existence of more than one title line, wrapped data lines may not be
readily apparent. They can be identified by two or more consecutive lines with the same minor

frame number, easily overlooked in the abundance of numbers.

Figure §

Screen 4: Print Out Options.

Press Key Pad-1 for a hard copy option - print out limited to 132 COLUMNS

Press Key Pad-2 {f spreed sheet intended for Quattro P:o.

Press Pr4 to exit.

>>>
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Screen S:
Description; See figure 6 for actual screen.
‘I‘hisscmenuuynppunihsucxfonwismbegemnwd.
Prompt user for titles to sppear on top of the SLICKIly formaned file. File names and/or data

type are good things to put here. Press retum oo leave titles blank.

Figure 6

Screen 5: Spread Sheet Titles

Enter Title of Graph Data >>> example title

Enter Subtitle of Graph Data >>> test
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Screea 6:
Description: See figure 7 for actual screen.
Prompt user 1o find out if he/she wants the truth data to appear in the output files.
Option one means the user wants the truth dats (o appear in the output file(s).
Option two guarantees truth data will not appear in the output file(s).

Figure 7

Screen 6: Process Truth

Truth data options:

Hit Key-Pad 1 to process truth data,
Hit Key-Pad 2 to skip truth data. >>»

4-11




Screen 7:
Description; See figure 8 for actual screen.
misscxeenotuyappemifaSLlCwanumobegcmwd.
'n\eselecﬁonmmudlowsmcusenosdectmedanmdswhichwmappwinthe
spreadshect. mmenuappunonoeifumhdmisptocumm«uifcollecwddmh
processed. Fumamae.itcmuimsellcxpmmaymeonmmmwfotmem
Ouepohnolchuﬁkaﬁonshaudbenumdonedahmnlhcusrlnnm.Thcsuuchsumgthewnr

wmhambsﬁnznmmmmywhmmunmadm. nhthgequivalentotudn;tbe

wildcards as follows: ®user input®.

Figure §
RECORDED DATA (RD) MENU ID &
SELECT ALL RECORDED DATA 0
HOST_AIRSPEED 8
HOST_ALTITUDE 8
HOST_HEADING 8
HOST_LATITUDE 8
HOST_LONGITUDE 8
Return| = Select _ USER KEY PAD LAYOUT :
| or 7 = Scroll Top 8 = Up One 9 = Page Up
Deselect = choEI niddle
T = Bcroll Bottoms 2 = Down One — 3 = Page Down
PP4 « EXIT 0 = User Search | . = Done
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Screea 8:
Dexcription: See figure 9 for actual screen.
Prompts user to find out if he/she wants the collected data to appear in the output files.

Option one means the user wants collected data 1o appear in the output file(s). This will cause
screen 7 to appear with the list of collected data.
Option two guarantees collected data will not appear in the output file(s).

Figure 9

Screen 8: Search of Collected Data option.

Completed Truth Data portion.
TRUTH DATA written to the output file/files.

Collected IEEE-488 and UUT Data Options:
Press Key Pad-l to process Collected Data.
Press Key Pad-2 to skip Collected Data.

>>>
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Screen 9:
Dexription: See figure 10 for actual screen.
Displays messages informing user of which files were generated. Then the user is prompued
with the option of renaming the input files. If the user chooses 10 rename the files another
screen will ask for the new names. This is followed by the same process for renaming the
output files. In the example below the user chose not 10 rename the files.

This option is given 3G the next run of IESS will not overwrite the files.

Figure 10

Screen 9: Rename Files

SELECTED RECORDS WRITTEN TO SPREAD.TAB

PRESS KEYPAD 1 TO RENAME INPUT FILES, ANY OTHER KEY TO CONTINUE.

>
PRESS KEYPAD 1 TO RENAME OUTPUT FILES, ANY OTHER KEY TO CONTINUE.

>
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The Quattro Pro Macras

As mentioned in the design decisions, the Quattro Pro importing restrictions caused a need for
macros o prepare spreadsheets for analysis. Three macros have been prepared for various needs
described below. Each is a series of Quattro Pro commands and is not intelligent enough to know whea
it needs to be executed. Thus, the user must know how they work and whea o use them if they are going
to be effective.

To use the macro library simply open the file containing the macros, currently maclib.wql.
Then import the SLICKly formatted file into a new Quaitro Pro worksheet and call the macros.
Macros:
1) unwrap

Why needed: Quattro Pro only allows 254 characiers per line when importing. Therefore, SLICK
splits longer lines into two.

Description: unwraps the titles associated with the collected data. This is accomplished by moving
lines 3 and 4 (where line 1 is the first title line after the heading ‘collected data’) onto the end of
lines 1 and 2. If there are more than 4 title lines, repeat the macro until all titles are on the same
line. A single title line consist of the titles on line 1 and their units on line 2.

2) unwrap_truth

Why needed: Quattro Pro only allows 254 characters per line when importing. Therefore, SLICK
splits longer lines into 2,

Description: unwraps the titles associated with the truth data. This is accomplished by moving lines
3 and 4 (where line 1 is the first title line after the heading 'ruth data”) onto the end of lines 1
and 2. If there are more than 4 title lines, repeat the macro until all titles are on the same Line.

3) nulls

Why needed: Quattro Pro has no method of importing missing values. Thus,SLICK uses a quote

followed by a singie space whenever data is missing. However, when graphed this causes spikes

wherever the data is missing.
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Description: Replace all quotes followed by a space with a null value. This macro should be run

whenever there is missing data values.

Conclysion

Although this program is called the summer research program, this particular project was
entirely development oriented. To administrators reading this, do not take that the wrong way. [ still
learned a lot while I was here, but had expected a different type of work. Thus, for a conclusion I can
only offer the expanded analysis capabilities and the answers it will help find in the future.

I would like to take this opportunity to point out problems I observed while working in the lab.
First, there is a high tum over of technical expertise. Second, the engineers spend a lot of time doing
diagnostic work on ICNIA's hardware. While these two facts alone would not constituie building an
expert system to aid in diagnosing these problems, I believe an expert system could be beneficial in
persevering knowledge over time and could reduce diagnostic time when problems occur.

Two questions must first be answered before seriously considering such a project. First, could
the engineers knowledge be transformed into rules? Second, is there an expert who can not only solve
the problems efficiently, but be able to explain how he solved them? If both of these can be answered

yes, then an expert system is potentially valuable for this problem and would warrant further research.
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AND A QUALITATIVE S1UDY OF SLIDE LINE
EFFECTS IN EPIC HIDROCODE
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Graduate Student
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University of Florida

ABSTRACT

As part of an ongoing Wright Laboratories experimental
program to investigate the validity of hydrocodes for
massive concrete structures subjected to an internal
explosion, the problem was modeled and then analyzed using
the research version of EPIC91. Two different models with
substantially different mesh shapes and sizes were generateu
to study the effects on the computed results as well as the
required CPU time. The concrete and explosive material
properties where obtained from the existing EPIC materials
library.

A study was also conducted into the effects of slide
lines versus no slide lines in EPIC calculations where two
or more materials of vastly different densities come into
contact with one another. This was accomplished using a
simple one dimensional impact setup to analyze the pressure

wave as it moved through the model.




HARD TARGET CODE ASSESSMENT
AND A QUALITATIVE STUDY CF SLIDE LINE
EFFECTS IN EPIC HYDROCODE

Thomas C. Byron

INTRODUCTION

USAF Wright Laboratory is conducting an experimental
program to investigate the validity of hydrocode results for
massive concrete structures subjected to an internal
explosion (ref 1). This simulation of a warhead detonation
following penetration is also being used to generate
improved engineering models for future research and

development.

The experimental models, constructed by Denver Research
Institute (DRI), are solid concrete cylinders measuring six
feet tall with a four foot radius. There is a three inch
diameter core from the top to the center of the cylinder. A
one pound sphere of explosive is placed at the geometric
center of the cylinder and the remainder of the core is
packed with moist sand. Various guages are preset in the
cylinder prior to the concrete pour. The cured concrete
cylinders are kept in their galvanized steel culvert forms

for the test. See Fig 1.

METHODOLOGY
Two distinctly different models were constructed using
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PATRAN (ref 2). These were then input into the research

version of EPICY91 (ref 3). One of the many benefits of
PATRAN is that it will write the data from a generated model
into a neutral file which can be read directly into EPIC.

In both cases, the core of moist packed sand was modeled as
concrete. This allowed for the elimination of slide lines
and for a much simpler geometric model. Use of symmetry and
axisymmetry reduced the models to one quarter of the section

view of the cylinder (Fig 2).

In both cases, the explosive and the concrete material
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proverties were taken from the materials library of EPIC.
Also in toth cases, the mesh for the explosive region is
identical. This region consists of 64 triangular elements

in a guarter circle area of 1.9 sg in.

Since it is the effects in the concrete that are of
interest and since the explosive material will have little
effect on the concrete after detonation, the boundary
cetween the explosive and the concrete was handled without

slide lines, further simplifying the model.

The near radial symmetry of the model and the expected
radial symmetry of the post detonation waves through the
model were taken into account for Model 1. The mesh was
generated by dividing the concrete area into 16 wedges of
equal angle from the center point and eliminating the area
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for the explosive (Fig 3). This allows for a very tignz
mesh in close to the center to eiiminate any impecence
mismatch with the small triangular explosive elements. I2
also allows for increasingly large mesh as the distance Irom
the center increases and the effects of the explosion are
diminished. All but one of the elements in the ccncre:ze
region were constructed using PATRAN"s quad\5 elements. The
quad\5 is simply a four siced element with a center noce.
EPIC transforms the guad\5 into “our crossed triangle
elements when the PATRAN neutrel file is read into ZPIC.

The final element in the far corner is a single triancular
element due to the fact that the model is rectangular Vi

square. This model resulted in 2401 elements.

U
|
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Model 2 was constructed with the intent of looking at
the bounce back of the pressure wave off the free surfaces
of the cylinder. With that objective in mind, the element
size was kept small throughout the entire region. From the
quarter circle region for the explosive, there is a
triangular element transition area out to six inches with
the same size elements as the explosive. From there, the
elements are half inch square quad\5‘s which are again
transformed to crossed triangles by EPIC (Fig 4).

These elements are roughly the same size as the smallest
elements in Model 1. This type construction resulted in

over 27,000 elements.

Model 1, due to its relatively small size, was run on a
SiliconGraphics IRIS 4D\340GTX. The problem used just over
six hours of CPU time. Model 2, due to its relatively large
size, was run cn a CRAY Y-MP supercomputer. It took
approximately 1700 seconds of CPU time which equates to

roughly 14-15 hours of SiliconGraphics time.

RESULTS

The data from the numerical analysis were dumped for
every 10 microseconds of time step in the computation.
These data dumps were written to PATRAN neutral files. Once
all the neutral files have been collected, they can be
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displayed and saved individually. The saved screens are
then put together in a movie type presentation which allows
one to "see" the pressure wave or the desired output wave
move through the model after detonation. This is a very
powerful tool to help in understanding what goes on in a
complex system. In this case, it can alsoc be very
instrumental for comparison purposes by running the movies
of both models simultaneously on the screen and stepping

through frame-by-frame.

In comparing the output of both models, it can be seen
that the results are virtually identical for the first 90
miliseconds after detonation. By this time, the initial
wave front is very near the free surface and has begun to
seperate into a distinct wave. For Model 1, as the leading
wave continues toc seperate and strike the free surface,
noise begins to be generated in the results where the
elements tend to be much larger. The bounce back
anticipated in Model 2 is readily visible. The bounce back
from Model 1 is also visible but, for the most part, is lost

in the generated noise.

The results will eventually be compared with the
experimental data collected by DRI to assess the validity of
the models and the assumptions made. Adjustments and
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correctiuns will be made after that analysis.

CONCLUSIONS

It is readily apparent that if the failure of the
concrete is the only concern, then Model 1 is quite
sufficient for analyzing that region at a significantly
reduced cost in CPU time. However, if bounce back of the
wave is of concern, which it is for this problem, then the
CPU price will have to be paid by using Model 2 since any
useable information gets lost in the generated noise for

Model 1 away from the center, near the free surfaces.

Actual assessment of the validity of the models, as

stated earlier, is a future project.




A QUALITATIVE STUDY OF SLIDE LINE EFFECTS IN EPIC

INTRODUCTION

Often a soft, low density material is used to buffer a
hard, high density material from shock waves and vibration.
A particular application of this is the placing of a thin
plastic layer between two thick ceramic armor plates. A
problem of this nature was run with EPIC giving some
unexpected results. The question asked was how do slide
lines, or the lack of slide lines, effect the results of

EPIC catculations for this type of problem.

METHODOLOGY

To get a feel for the effects of slide lines on the
results of a problem of this type, a simple one-dimensional
model was used. The model consisted of a projectile and
target type setup. The projectile was given the same
initial velocity for all tests, even those where it was
physically attatched to the target (no slide lines between

target and projectile).

The target was made up as a sandwich type composite.
The high density material used was OFHC copper found in the
existing EPIC material library. The low density material
has the exact same properties as the OFHC copper except that
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the density has been changed to one tenth its original
value. The sandwich consisted of two long pieces on the
outside and a short piece in between. Both long pieces were
of equal length and four times longer than the short piece.
Several variations to the composite were examined. 1In all
cases, the outside pieces of the sandwich are OFHC copper.
The variations to the center piece included: 1) using the
same material as the outside pieces but reducing element
size by a factor of ten so that the total mass of each
center element is one tenth that of the outer pieces; 2)
using the low density copper with the same element size all
the way through the model; 3) using low density copper with
an element size 10 times that of the outer pieces to equate
masses in all the elements; 4) using copper all the way
through. All of these variations were run with and without
slide lines between sandwich components and also between the

projectile and the composite target.

RESULTS

The only variation which showed no difference in
results between slide lines and no slide lines is the all
copper model. All other variations, using low density
copper, large element size changes or both, showed
differences in the results. The result differences were not
in the overall shape of an output curve over the length of
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the model but amounted to very localized spikes. For
instance, the pressure curve for each variation of the model
is virtually identical over time for both slide line and no
slide line calculations except for those spikes. The slide
line results in all cases gave spikes in the output at any
material interface in the model as well as occasional spikes
throughout the model. These spikes do not represent any
physical phenomenon and are simply a result of the numerical

calculations.

CONCLUSIONS

The option of eliminating all slide lines in EPIC is
not always available, e.g. in the case of large deformation
problems, however, the results of this simple test would
indicate that elimination of slide lines where ever possible
would be advantageous. Removing slide lines should prove
even more critical for higher dimension problems as the
numerical analysis becomes more involved and the iterative

process becomes much larger.
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Abstract

The LIMAR (Laser [Maging and Ranging) project is a Wright Laboratory effort to de-
velop an advanced imaging and ranging system for robotics and computer vision applications.
LIMAR embodies a concept for the fastest possible three-dimensional camera. It eliminates
the conventional scanning processes by producing a registered pair of range and intensity im-
ages with data collected from two video cameras. The initial prototype system was assembled
and successfully tested at Wright Laboratory's Avionics Directorate in 1992. This prototype
LIMAR system used several frame grabbers to capture the demodulated LIMAR image signals
from which the range and intensity images were subsequently computed on a general purpose
computer. The prototype software did not address the errors which are introduced by differ-
ential camera gain. misalignment. and distortion. The tasks performed during this Summer
Research Program include (1) modeling and developing algorithms to correct the distortion
introduced by using two cameras and (2} design of special purpose hardware to convert, in

real-time. the outputs from the two cameras into a fully registered range and intensity image.
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Abstract

In this work we investigate the use of neural networks in providing control signals 1o solve the target intercept
problem. The approach taken here is based on an architecture that contains an adaptive critic network which evaluates
previous control actions and produces a complementary control 0 counteract target acceleration. In previous work we
used a linear optimal conirol law to produce the primary missile command accelerations. In this work we replace the
optimal control law with a neural network approximation of the optimal control law and modify network weights on-
line to react to target acceleration. We show a series of simulations which compare current results with those obtained
previously. Results of this study are encouraging, however, they show that proper network training is a key issue.
Analysis of the preposed control system with respect to stability, convergence, and robustness remain to be done and

further work is in progress.
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NEURAL ON-LINE LEARNING IN MISSILE GUIDANCE

Jeffrey S. Dalton and S. N. Balakrishnan

INTRODUCTION

The problem under investigation in this work is the intercept protlem, that is the determination of proper con-
trol signals which guide a missile 10 the point of intercepting a target. Numerous approaches to the solution of this
problem exist ranging from line-of-sight, pursuit, and proportional navigation to more advanced techmques based on
optimal control theory and the theory of differential games [1]. One challenge in all of these techniques ts in detecting
and responding 10 unknown target accelerations.

Many researchers have studied the use of neural networks in control systems. Introductory material for the use
of neural networks in controls may be found in [2}. Our approach 10 the intercept probiem is based on the use of neu-
ral networks. The architecture described in this report is similar to that used in our own previous work {3]. The con-
trol applied to the plant is decomposed into two components. The first component is taken from an optimal control
law which assumes that the target is not accelerating. The second component is taken from a critic network that mon-
itors plant inputs and outputs to detect and respond to target accelerations. There are two primary contributions in this
work. First, we demonstraie that a feed-forward neural network controller can be used to approximate the optimal
control law in the control system Second, we show a method of performing on-line adaptation of the controller to
respond to target accelerations in flight.

The remainder of this repon proceeds as follows. First we present the methodology used in our approach to the
intercept problem. We discuss the function of each of the blocks of the proposed control system and describe the pro-
cedures used in both on-line and off line training of the neural networks. Next a serics of simulations arc presented
which demonstrate an implementation of the method. Finally, we discuss the resulis obtained and describe work that

is In progress.

METHODOLOGY

Figure 1 shows a block diagram of the control system to be considered. As shown, there are three primary com-
ponents to the system. The plant implements the dynamics of the intercept problem. The controller network provides
the primary missile acceleration commands to the plant. The critic network observes control commands and plant
responses 10 detect target acceleration and produces a complementary control signal. The details of the blocks and

interactions between them are discussed in the remainder of this section. We also describe training procedures for
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Figure 1. Conwol System Block Diagram

both the controller and critic blocks.

The plant for the intercept problem is modeled using discrete tme state equations. States for the plant are rela-

tive positions, relative velocities, and target accelerations each in two directions:

ny.xz'ya,x G‘L! (1)

The state transition matrix is given by:

10aT 0 %ATZ 0
01 0 AT 0 %ATIE
Sk k+1) = 2
( "Tloo1 0 aT o )
000 1 0 AT
000 0 1 0
000 v o0 1 |

74




There are two plant input signals, the missile commanded accelerauons in cach direcuon and the input mauix 1s given

by:
-ai')'
L%ar’ 0 -aT 0 00
NORS 1 | (3)
| © -zAT? 0 -aT 00|
2 ]

In our work we assume that the relative positions and velocities are perfectly known 1o the missite control sysiem but
that the target acceleration states are not known. Thus the plant output matrix is given by
T 7
C= [_14145 04x2_j 4)
where I and O are appropnately sized identity and zero matrices, respectively. The plant output vector is

Yz@yxir (5)
In the plant model of equations (1)-(5) for the intercept problem constant target acceleratons are propagated based on
their miual values. In a real engagement a target maneuver would result in changes in the directuon of the velocity
vector but the magnitude of velocity would remain 7 dnstant. In our model of the engagement, on the other hand,
velocit- magnitude does change in response to target accelerations. In a sense, this makes our problem more difficult.

The controiler network in the block diagram of Figure 1 marks a point of departure from previous work. Previ-

ously the control signal u, was calculated using an optimal control law from {4] which 15 based on the performance

index
Y
_lor Tr T
J = EY/S/YI“' EJM udt (6)
ty
where 1000
%:|01um‘ 7
000 OE
0000

¥=10"%is the control weighting, and u1s the missile command acceferation. In the solution of the opumal control
problem we dassume that the target acceleration states internal to the model are zero and that the controller is the only
source of control in the system. The optimal guidance {aw 15 also based on an estimatce of time-t0-go calculated by

"assuming that the relative range rate is constant,

_—%
»

T,= 3]

g0

5

-
B

where R is the relative range and V is relative velocity. The opumal missile command accelerations are then obtained
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by state feedback with a time varying gain matrix,

c, 0cC, 0]
C(:)=;f‘° 2 0 9
10c¢ oc,
where
N I
c ) = 2 (10)
Tgo
N)
Gy = (n
2 Tgo
and
373,
Ny = ——— (12)
3y+T,)
go
The control is then calculated by
u(t) = C(HY(). (13)

When the warget maneuvers the control produced by this method must be complemented by an additional control sig-
nal which offsets the target acceleration.

In the current work we replace the optimal control law with a neural network controller trained to produce the
mapping (13). We make this replacement 1o facilitate un-line adaptation of the controller in the presence of unknown
target acceleration. The actual wraming data for the controller network was taken from plant inputs and outputs along
a specific trajeciory with no target acceleration present. The network was trained using the backward error propaga-
tion method of {5]. Afier raining, the controller network approximates the mapping of relative positions and veloci-
ties to missile commanded accelerations to be fed into the plant.

In the presence of unknown target accelerations i is necessary 0 add an additional control signal which coun-
teracts the target acceleration. This additional control is provided by the critic network. The function of the critic is to

" observe previous plant inputs and outputs and evaluate the performance of the controller. Based on this evaluation a
correction signal is provided to complement the action of the controller.

The critc, like the controller network is trained on data obtained from a nominal simulaton in which there 1s
no target acceleration. The network is presented plant output vectors and the corresponding optimal control signals,

I

i.e. y(k) and u (k). It is rained to produce the vector {0 0] for each point along the trajectory. The motivation for this
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type of training comes from the fact that the derivauve of the Hamilionian with respect to plant inputs should be zero
along the optimal trajectory. Thus we are asking the critic nctwork 1o assess the correspondence between plant oul-
puts and controller commands. When there is a miss maich the critic produces a signat which i1s ampiified to produce
the complementary control, u (k). Further details of the operation of the critic network may be found beginning on
page 55 of {3].

The critic network block also contains an internal model of the plant which is used to predict current plant out-
puts based on the previous output and current control. This prediction 1s compared with the actual output of the plant.
When the norm of the difference between actual and predicted output exceeds a threshold the critic network signal s
switched on-line. The switching logic reduces the sensitivity of the control system to errors in the critic network when
operating close to the nominal trajectory.

During the course of a simulation we wish 10 adapt the controller network so that it learns 10 produce the com-
plementary contro! that is being provided by the critic network. The procedure used to do this is straight forward. We
use the control signal, u,(k), produced by the critic network at each sample interval as an error signal for the control-
ler. This error is back propagated through the controller network to modify the controller's weights. For a given time
siep, k, the training proceeds until either a maximum number of iteratons is exceeded or until the following error cri-
teria is satisfied

1

(fu k) ~uc(k)]r[u(k) —uc(k)])i<€ (14)

where € 1§ a preselected small positive constant.
In the following section we present results of an implementation of the control system which has been

described and compare these results with those obtained previously using the opumal control law,

RESULTS
In this section we discuss experimental results. A series of four simulations are described. In the first three
cases we compare results ebtained using the ncural network controller with those resulting from use of the opumal
“control law. The fourth simulation illustrates on-line learning in the controller network.
Four types of graphs arc shown in the figures. These are plant outputs, command accelerations, differences
between signals in the neural network control system and the system wiich uses the optimal control law, and training
error curves. For graphs showing plant outputs or differences in the outputs solid hines and dashed lines represent rel-

ative position in the x and y directions respectively. Dot-dash and dotted lines show relative velocities in the x and y
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directions respectively, Control signals resulting from the controller. the critic, or both and respective differences are
shown with solid lines representing control in the x direction and dashed lines representing y direction commands.

Differences between configurations are calculated by subtracting signals in the network controller configuration from
corresponding signals in the optimal control law configuration. In alf simulations the sampling interval is 0.2 seconds.

Our first goal is to compare the use of the neural network controller with that of the optimal control law for the
case when there is no target acceleration. In this case the critic network is not needed and is removed from the control
loop. We expect a close correspondence between the two configurations since data from the optimal control law con-
figuration was used 10 train the neural network controller. Results are shown in Figure 2 for initial conditions

Xg = [1000 ft. 200 ft. -100 ft./s -50 fu./s O ft./s* O fu./s2)T : (15)
The top row of graphs compare plant output states for the two configurations. As expected there is a close correspon-
dence between the two configurations with the largest difference being approximately 0.6 feet in the y direction of
relative position. The bottom row of the graph shows that the optimal control law and network controller are also
closely matched.

In the second set of simulations we added target acceleration in the x direction with the iniunal states

Xo = {1000 ft. 200 fi. -100 ft./s -50 fu/s 5 fu/s? 0 fr/s?)T (16)
As before, the critic network remains out of the conurol loop. The purpose of this simutation is 1o examine controller
network performance along a trajectory different from that used to train the network.

Figures 3 and 4 show a comparison between optimal conwrol law and controller network configurations. Figures
3a-3c show comparisons in the plant output siates. Despite the presence of warget acceleration, the optimal control law
configuration reaches the point of intercept at k=74 with a negligible miss distance. The network controller configura-
tion, on the other hand, misses by 33.5 feet. The simulation terminates when the relative range rate changes sign at
k=73. As shown in Figurc 3c the miss is largely due to a difference in the y-component of relative position. Figures
3d-3f illustrate the reason for the deviation. The network controller produces less control in the y-direction.

We also examine critic network output signals even though they do not contribute to the total plant input.
Recall that the critic network produces supplemental control based on plant inputs and outputs delayed by a single
time step. Figures 4a-4¢ show a comparison of critic network output signals. The large difference of Figure 4¢ illus-

" trates that the critic is very scnsitive to changes in its inputs,

Using the intial states of (16) we consider the case where the critic is allowed to contribute 1o the total plant
input. Figures 5a-3¢ show plant outpuws and differences between the two configurations. Figures 5d-5f show plant
inputs and their differences. The optimal control law configuration reaches intercept in 53 time steps with negligible

miss. The controller network configuration ierminates after 56 time steps with a miss dist.. . ¢ of 27.8 feet. The plant
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inputs are radically different for the two configurations as seen in Figures 5d-5f. A decomposition of the plant inputs
into their critic and controller components is shown in Figures 6a-6f. The results show an unsiable interaction
between controller and critic in the optimal control law configuration. The neural network controller, on the other
hand, produces decreasing signals as it was trained 1o do and the critic produces a complementary control which also
decays 10 zero.

In our final simulation we demonstrate the use of on-line adaptation. Here again we used the initial states as in
(16). At each sampling instant beyond the point where the critic switches on-line we use backward error propagation
to modify controller weights, Figure 7 shows typical error curves as calculated for training at the indicated sample
instances, k, using equation (14). The required number of leamning iterations ranges from six 10 2 maximum allowed
number of 100 during the time when the critic network is switched on-line. For the first five sampling instants beyond
the critic switching point the controller error decreases during the course of training, however, it does not get below
the specified error threshold of € = 0.01. For all sampling instances after these, however, the controller network does
converge in less than 35 iterations.

Figure 8 shows the results of the simulation. It is interesting to note that the point of minimum range is very
nearly the same as that shown in Figure 2a where there was no target acceleration. Moreover, we again observe a sig-
nificant miss in the y-component of relative position. In this case the miss distances is 45.1 feet. Figure 8b shows that
the decrease in flight time has an associated increase in control energy. The effect of on-linc learning can be seen in
Figure 8¢ beyond the critic switching point. The on-line weight adjustment also modifies the critic’s operatior as seen

in Figure 84.

DISCUSSION AND CONCLUSIONS

In this report we have outlined an approach to on-line learning 1n a missile guidance problem. The approach
imbeds two feed-forward neural networks into a control structure which approximates linear optimal guidance. A
controller network initially provides command accelerations based on relative positions and velocities, A crtic net-
work monitors these relative positions, velocities, and also plant inputs. Using this information the critic responds to
unknown target accelerations by producing a correction command which complements the controtler command. At
" each time step the correction command from the critic is used to modify the controller network. In addition, we have
compared neural network performance with performance resulting from the use of a linear optimal control law.

There are two components of this work which distinguish it from previous work. The first is the fact that in this
work we replaced a linear optimal guidance law (the controller) with a neural network approximation. This replace-

ment was made in order o implement the second distinguishing feature of this work, that is, the process of on-line
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adaptation.

Simulation results included here demonstraie the method and compare its performance with previous results.
We first show that the neural network approximation for the controller is capable of producing control signals which
drive the missile 1o intercept for a non-mancuvering target. Next, in following the method of previous work, we show
that the controller produces expected results by itself in the presence of a target maneuver. In a third scenario, we add
the critic 1o the conwrol loop and observe performance improvements consistent with previous results despite differ-
ences between the interaction between controller and the critc. In the final step we show further improvements by
implementing on-line adaptation of the controller.

The results shown here are encouraging, however, they do show that ininal training of the neural networks
must be done with care. In our simulations we examined rcsults based only on a single set of initial conditions. The
controller and critic networks are trained based on a nominal no target acceleration) trajectory issuing from these
assumed initial conditions. Thus the controller and critic networks are trained along paths in their input spaces rather
than on regions. For te initial conditions that were selected in this study the x component of the relative position
dominates that of the y component. As a result of this dominance the training sets for the controller and critic net-
works are biased in the x direction causing a greater focus of control attention in this direction. We observed that con-
wrol in the y direction failed to bring the y component of relative position completely to intercept. We believe however
that this problem can be corrected by more judicious initial training of the networks.

It is also important to note that initial training becomes an issue in generalizing these results to different initial
states in the intercept problem. Training the conwroller is straight forward. The mapping to be performed by the con-
roller network is well defined away from the point of intercept. A feed-forward neural network which performs this
mapping to a prescribed degree of accuracy can be determined for a given operating region in the state space. Also
note that this initial training of the neural network need only be done once. The controller may then be used as a start-
ing point for initial conditions within the selected operating region.

We are currently pursuing several extensions of this work. These include the ability to operate from different
initial points in the state space while simultaneously increasing the accuracy of neural network mappings. In paracu-
lar, we are fooking at alternate ways of training the controller and critic networks. QOur first goal is to train the net-

" works to correctly map from regions of their input spaces ld corresponding regions in their output spaces. This will
enable us to solve the intercept problem for more general initial conditions.

We will also investigate the partitioning of the critic and controller networks cach into scparate networks for
the two direction axes. For example, a single controlier network could be trained to take relative position, relative

velocity and time-to-go for one axis only 1o produce the corresponding control command. There arc three advantages
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1o doing this. The first is that smaller networks may be used 10 produce a simpler mapping. Second, the control pro-

duced for the x-axis is not directly dependent upon positions and velocities from the y-axis and vice versa (note that

an indirect connection still exists in the use of time-t0-go as an input variable). The third benefit of this type of struc-

ture is that the same trained network can be duplicated for each axis at the beginning of the engagement.
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Optimal Detection of Targets in Clutter using
an Ultra-Wideband, Fully-Polarimetric SAR

Ronald L. Dilsavor
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Abstract

This report presents the results of work accomplished during the 8-week AFOSR summer research program at
the AARA lab of Wright Patterson Air Force Base. The goal of this research is to design and analyze optimal
detectors for targets in a clutter-filled environment using a low-frequency. ultra-wideband. fully-polarimetric
synthetic aperture radar (SAR). In this report, ve focus on optimal techniques for combining information
across polarization to detect point targets. It is realistic in many cases to assume that the target of interest
will have an unknown amplitude, unknown orientation about the radar line-of-site. and unknown absolute
phase. These unknown parameters lead to a detection problem with composite hypotheses and nuisance
parameters. We develop a GLRT detector which is designed to accomodate these unknown parameters. The
first phase of this research is to obtain a realistic model of the clutter statistics by analyzing clutter data
which was measured in the field. This clutter statistical analysis and some preliminary results in the GLRT
design were accomplished during the AFOSR summer research programn and are presented here. The clutter
statistics were found to be well-modeled by the K-distribution and the maximum likelthood (ML) estimates
of the target amplitude. orientation. and absolute phase are obtained through a bounded two-dimensional

search.
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Optimal Detection of Targets in Clutter using
an Ultra-Wideband, Fully-Polarimetric SAR

Ronald L. Dilsaver

I. Introduction

The goal of this research is to develop, analyze. and compare optimal radar signal processing techuigues
for detecting targets of interest in a clutter-filled environment. The radar data is fllv-polarimetric and
is collected at short range over an ultra-wide bandwidth by a low-frequency SAR. The diverse nature of
the measurements provides the detector a substantial amount of target scattering information and the low-
frequency band provides improved penetration of small-scale clutter.

We approach this general detection problem by subdividing it into three subproblems which concern
each diverse aspect of the data in turn. Namely, we are interested in optimal techniques for combining
information across 1) frequency, 2) angle, and 3) polarization. In this report. we focus on techniques which
combine information across polarization for the purpose of detecting point targets in clutter. We assume that
the {requency diverse measurements are used to obtain high resolution. complex in-phase and quadrature
(IQ), time-domain pulse responses at each position along the synthetic aperture. Thus. we have three
complex responses (HH, HV, and VV} at each aperture position. These angle diverse responses may then
be combined using a SAR or tomographic imaging technique to create two-dimensional HH. HV. and VV
images of the observed area [1]. The polarimetric target detection techniques described in this report may
be applied to the polarimetric signals before the imaging step or to the polarimetric images after imaging.

Note that the SAR or tomographic imaging techniques mentioned above may not be optimal with regard
to detecting certain targets of interest in certain clutter environments: hence. we reserve the right to redefine
“image” to suit the purpose of detection [2]. Imaging techniques which are optimal for our detection purposes
are the subject of further research and are not addressed in this report. Subsequently, we use the term
“image” to refer to the two-dimensional result of combining information across aperture position using some
chosen technique.

In many problems of practical interest, the detection problem is complicated by a target which is -
completely specified. We assume that the target signal may be specified in terms of a number of unknown
parameters. In particular, we make the realistic assumption that the target amplitude, orientation about
the line-of-sight, and absolute phase may be unknown. We may choose to treat un unknown parameter as

random with a known probability density function (pdf) or as an unknown nonrandom parameter. The
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random parameter case leads to the LRTL a likelihood ratio test which is integrated over the known pidf.
The nonrandom parameter case leads to two accepted approaches: the uniformly most powerful invariant
(UMPI) test. if such a test exists. and the generalized likelihood ratio test (GLRT) which necessarily exists
[3. 4].

The goal of this research is to derive and compare the polarimetric LRTL GLRT aud UMPI tests for
detecting point targets of unknown amplitude, orientation about the line-of-sight, and absolute phase. It is
expected that at high signal-to-clutter ratio (S/C) the GLRT will outperform the UMP] and LRTI tests. As
the S/C decreases. however. there may come a point at which the ML estimates of the unknown parameters
are poor enough that the GLRT performance will drop below that of the UMPI and LRTI tests.

In order to design these optimal detectors, we need models for target and clutter scattering. In our
application. the clutter consists of scattering from a forest and the targets of interest are, at this stage of
the research, canonical scattering centers. The full-polarization scattering characteristics of many ranonical
point targets such as dipoles. flat plates. dihedrals. and trihedrals are well-documented [5] {7]. In our
application. we require clutter pixel statistics at 1.0 x 1.0 ft resolution in the low frequency range 0.2 - 1.5
GHz. These clutter statistics are not widely available in the literature {8]. Hence. this research must begin
with a clutter statistical analysis at the resolution and frequency range given above. The goal of the analysis
is an analytical expression for the clutter probability density function (pdf) in terms of a small number of
parameters which can be estimated from the clutter data. Once a realistic pdf is chosen we can continue
with the detector design.

This report contains the results of the first phase of the research that was completed during the 8-week
AFOSR Summer Research Program. Namely, the clutter analysis results and some preliminary results in
the GLRT design ure presented here. The next section brielly describes the SAR system and forest clutter
environment and presents the SAR forest clutter images. Section III coupares the ability of the Gaussian and
K-distributions tc model forest clutter scattering. Section IV provides a brief introduction to the Huynen
parameterization of the scattering matrix along with histograms of the Huynen parameters of the SAR
images. The Huynen parameters lend valuable insight to the detection problem. Section V presents current
approaches to polarimetric detector design and discusses how our approach compares with them. Section VI

presents some preliminary results in the GLRT design process. The final section presents our conclusions.

II. SAR System Description and Clutter Imagery

Forest clutter data was measured by a proof-of-concept linear aperture SAR. The SAR has an aperture

length of 120 ft while the aperture spacing between successive measurements is 4 inches giving a total of
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Figure 2.1: Radar geometry.

361 measured signals. The aperture is approximately 95 ft above ground level and the radar views the
forest at a declination angle of 8°. The forest clutter image area extends the length of the aperture (120 ft),
has a downrange dimension of 50 ft. and begins at a range of 147ft. Figure 2.1 shows the radar geometry.
This central Ohio site consists of gently rolling, glaciated upland that supports a mixed deciduous forest
dominated by northern red oak, black cherry, and hickory. Tree sizes range primarily from 4-12 inches dbh
(diameter at breast height) with relatively few larger trees exceeding 20 inches dbh. The site is fully-forested
with a basal area of 106 sq ft/acre in trees exceeding 2 inches dbh.

Measurements were made in the ultra-wide, low frequency range 0.22 - 1.56 GHz. These frequency
measurements were used to synthesize the complex IQ time domain pulse responses [9, p.218]. Complex HH,
HV. and VV images were formed using a modified convolution backprojection algorithm {1. 10. 11] applied
to the pulse responses.

Figure 2.2 shows the magnitude of the complex HH, HV, and VV images. The horizontal direction
corresponds to crossrange and the vertical to downrange. The downrange resolution is 8.9 inches and the
crossrange resolution at the maximum frequency of 1.56 GHz is 10.4 inches. Darker pixels represent larger

magnitudes. The dark spots correspond to tree trunks and major tree limbs.

III. Comparison of Gaussian and K-Distributions with Clutter Histograms

In this section we compare the ability of the Gaussian and K-distributions to adequately model for-

est clutter scattering. We begin by computing the polarimetric mean and covariance matrices. We use
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(a) HH (b) HV {(c) VV

Figure 2.2: Magnitude of the (a) HH image, (b) HV image, and (¢) VV image.

these statistics to generate the Gaussian and K-distributed pdfs. These pdfs are overlayed with the clutter
histograms for comparison purposes.
A. Mean and covarience of forest clutter scattering

Let Xc; be the complex vector containing samples of the HH. HV and VV images at the :** pixel and

let Xg; be the real vector containing the real and imaginary parts of the elements of X¢;;

Xci

[ HH;, BV, VvV, |T 3.1
Xri

[ Re(HH;) Im(HH;) Re(HV;) Im(HV;) Re(VV;) Im(VV;) ]T- 3.2
The mean and covariance of the Xp; were computed as

Xrp = Xri

2| -

1

-
il

cov(Xr) (Xpi — Xr)(Xpi ~ Xp)! 3.3

ii
)

I
2|




where IV is the number of pixels and t denotes compiex conjugate trauspose. The mean and covariance of

X were computed similarly. The experimental results presented in polar format with angle in degrees are

Xe = 107% 0.675Z — 144.9 0.1582 — 118.1 0.360 - 143.4 ]¥ 3.4

0.65120 0.02464 - 132.5 0.07222 - 82.3

cov(Xc) = 107°| 0.0246£132.5 0.119620 0.007472 — 120.5 3.5
0.0722£82.3  0.0074£120.5 0.2371£0
Xp = 107° —0.552 -0.388 —-0.075 -0.140 -0.289 -0.215 |7 3.6

0.3308 0.0110 -0.0101 0.0076  0.0108 0.0393
0.0110  0.3203 -0.0106 -0.0065 -0.0323 -0.0011
s | —0.0101 -0.0106 0.0586 —0.0028 0.0016 0.0025
cov(Xp) = 107 3.
0.0076 -0.0065 -0.0028 0.0610 -0.0039 -0.0053
0.0108 -0.0323 0.0016 -0.0039 0.1066 -0.0021

0.0393 -0.00i1 0.0025 -0.0053 -0.0021 0.1305

N r

-3

Notice {rom 3.4-3.7 that the pixel values are largely zero mean and that for any polarization the real
and imaginary parts of a pixel value are largely uncorrelated. These observations agree with findings in [12].
The magnitudes and phases of the covariances in 3.5 are different than found elsewhere. Novak and others
[13] estimated the forest clutter covariance matrix for a radar operating at 33 GHz and a similar resolution

to be
1/0 0 0.61.0

cov(Xc) =k 0 0.16£0 0
0.6120 0 0.8920

Our measurements show a weaker VV response relative to HH and a smaller correlation coeflicient between

HH and VV than do those of Novak.

B. Gaussian and K-distributions and clutter scaitering histograms

Several families of distributions have been used to model clutter scattering. Gaussian statistics have been
assumed in many instances to classify terrain types and to reduce speckle while enhancing target components
[14]-{16]. But experimental evidence has shown that many terrain clutter distributions typically have a shape
that is “heavy-tail” when compared to that of a Gaussian distribution. Product models such as Weibull,
lognormal, and the K-distribution (or gamma distribution) have been found to more accurately model these
heavy-tail distributions and have been used in target enhancement and clutter suppression techniques {12. 13},

{17}-[21). We compare the ability of the Gaussian and K-distributions to adequately model forest clutter
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scattering at our low frequencies and wide bandwidth. The comparison is made by overlaying plots of best
fit pdfs with histograms of clutter data.
The pdfs for a real Gaussian distributed N-vector X (denoted X : Nim,. £,)) and a real K-distributed

N-vector Y (dennted Y : K(a.my, Z,)) are

1 1, v
px(X) = WCXI)[—g{X - m,)TE: 1(4\ ot IILZ.”
3 (2a)N/4tai2 Tl a/2-N/4
py(Y) = (27r)N/2]2y|1/22“'1[‘(u){(Y = my) E7Y ~ )] x
Knjz-a(V2((Y = my)TE;HY - my )] /7). 3.8

Here K, is the modified Bessel function of order v. « is a shape-adjusting parameter for the K-distribution.
and (m;, X;) and (my, E,) are the mean and covariance of X and Y. respectively. In 3.8 we have used the
one-parameter, non-zero mean version of the K-distribution that is derived using the homodyned approach
[12. 16. 20, 22]. It has been shown that Y : K{a.0.Zy) may be represented as ¥ = /gX where g is a
gamma distributed random variable with parameter a and X : N(0.Z,) [12]. In fact. the distribution of Y
approaches that of a Gaussian random variable as & — oc.

Figure 3.3 shows the Gaussian and K-distributed densities overlayed on the histograms of the real and
imaginary parts of HH. To generate the analytical pdf curves, we assume that the clutter is zero-mean
(mz = my = 0), as supported by experimental evidence in the previous section. The clutter covariance
(= = Lz = I,) is estimated using 3.3 and is given by 3.7. However. to generate these one-dimensional
curves we only required the 1-1 and 2-2 elements of . Using the technique of {12, pp.242. 248] we estimated
the parameter a of 3.8 to be a = 2.56. Qualitatively, we see that the narrower central lobe of the K-
distribution more accurately models the histogram of the clutter scattering. The plots for HV and VV

polarizations are similar.

IV. Histograms of Clutter Huynen Parameters

In the previous section we modeled the statistics of the data by fitting a distribution to the real and
imaginary parts of the clutter scattering coefficients. Unfortunately, using this representation of the data.
"t is difficult to gain physical insight into the types of scattering mechanisms present in the clutter data. In
order to provide a more intuitive representation of the data. we transform the raw scattering coeflicient data
to the Huynen parameter representation. In this section, we briefly review the Huynen parameterization of

the scattering matrix and present Huynen parameter histograms of the clutter data.
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{a) real{HH) (b} imag(HH)

Figure 3.3: Overlay of pdfs with clutter histograms: {a) real{HH). {b} imag(HH). Solid line = K-distribution.
Dashed line = Gaussian distribution.

Huynen {5] expresses a general scattering matrix in terms of several geometrically relevant descriptors

. i 0
S = YU (Y.Tm.v)m } UH (. 7. v)
0 tan®«y J
Uy, tm.v) = e¥d K orL
e""I = cosyl+sinyl
e""‘K = €OSTmi+ sin T, K
e"L = cosvl+sinvL
1 0 0 -1 0 -1 0
1= L I= . K= B O P B
0 1 1 ¢ 1 0 0 -

The positive-valued descriptor m. callad the radar target magnitude. gives an overall clectromagnetic measure
of target size. The angle 4. called the target rotation angle, gives the orientation of the target about the
line-of-sight. The ellipticity of the polarization state that leads to maximum power received from the target
is given by 7, which satisfies —~45° < 7,,, < 45°. The angle v is the target skip angle and is related to the
number of bounces of the reflected signal. —45° < v < 45°. The angle v which satisfies 0° < v < 45° is called
- the characteristic angle of the target. It can be shown that the angle 4 separates the two null-polarization
vectors py; and py2 which satisfy p%iSPNi = 0. The last descriptor needed to fully define the scattering
matrix is the absolute phase p € {-90°.90°] of the target. The absolute phase is a mixed target parameter
in that it depends upon the distance from the radar to the target.

In addition, Huynen. Boerner. and others {3, 23, 6] have derived. from basic symmetry arguments, Lhe
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scattering matrices of several simple canonical scattering mechanisms. Figure 4.4 presents a few canonical
scatterers along with their scattering matrices and some of their geotnetrical descriptors. In Figure 4.4, the
top hat scatterer gives a double-bounce scattering mechanism provided by a vertical cylinder sitting on a
ground plane. The top hat scatterer represents. for example. a tree-ground interaction in the forest. These
scattering mechanisms and others are expected to comprise target and clutter scattering.

Figure 4.5 shows histograms of the Huynen parameters of the clutter images. Let p,, denote the incident
polarization state which causes the scattered signal from a clutter pixel to have maximum amplitude. Then
the target amplitude m is that maximum amplitude. The histogram of m is similar to a Rayleigh distribution
as would be expected for the maximum eigenvalue of a nearly Gaussian distributed scattering matrix S. If

the polarization state p;; that is orthogonal to p,, is incident on the clutter pixel. then the scattered signal




would have amplitude m tan® 4 where v is the characteristic angle. In other words, tan® 4 gives the ratio of
the minimum to maximum eigenvalues of §. The histogram shows that thes ratio is tan® 5 = 0.39 on the
average with a standard deviation std{tan®+) = 0.20. The orientation » about the line-of-sight iie. the tilt
of pem) 1s concentrated around (°. or horizontal. The histogram for the ellipticity 7., of polarization state
Pm peaks at 0° (ie. liuear) and tapers linearly down to zero at £45° (ie. right and left cireulavi, The <kip
angle v has a nearly uniform distribution over its range with a slight preference towards —15°. Hence. the
clutter has a blending of odd and even bounce wechanisms. The absolute phase p is uniformly distributed

over its range. as expected.

V. Approaches to Polarimetric Target Detection

In this section. we briefly review the state-of-the-art in polarimetric target detection. We then propose a
new approach which treats the target signal as deterministic with a small set of unknown parameters. This
approach motivates the design of a polaririetric GLRT (PGLRT).

There are a variety of polarimetric target detectors available in the literature. Among these are the span
detector [16, 21|, polarization whitening filter (PWF) {13, 16, 21, 24] . polarization matched filter (PMF,
(16, 25|, optimal polarimatric detector for Gaussian clutter (OPD) {10. 25). and the optimal polarimetric
detector for K-distributed clutter (OPDK) [16]. Table 5.1 lists these detectors and the rationale that support
their use.

From the table we see that the span and PWF do not explicitly distinguish between target and clutter
scattering characteristics. The span detector, PWF. and PMF are unable to take advantage of the not-
Gaussian nature of forest clutter and the OPDG is specifically designed for Gaussian clutter. The OPDG
and OPDK treat the target like clutter resulting in a test that chooses between hypotheses with common
means and uncommon covariances. The reason for this approach is that the received signal is typically

modeled as

Ho . (YC = C

Hi: Xc= C+¢e°T
where we have used the subscript ¢ to denote the comnplex vector representation of the data as in 3.1. The
unknown phase ¢ of the target component T is typically modeled as a uniform random variable ¢ : Ul~n. 7}

resuiting in a measurement vector X which is zero-mean under either hypothesis. The covariance of X,

however, changes from X, under Hy to X, + £, under H,;.
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H,
span | [HHIP +2|HVE +|VVE 2 3 incoherent sum, reduce speckle

Hy
Hy
PWF | X'27'X 2 8 choose A > {). hermitian 3
Ho
cneelle S sdXTAX) L L
speckle = e is minimized
H,
PMF | [V1X}? 2 3 where V* = choose V to maximize
Ho
. - & 1 13
max eigenvector of L%, tje = %

H,

- - . .
OPDG | XN ' -2 )X + ‘nﬁ}f.—:ﬁ > ing | Irt; common means, uncommon covar.
Ho

Hy i N(©.5sc). Ho : N(0.C.)

\

OPDK | see [16] Irt: common means. uncommon covar.

Hl : K(at\&c»{)-zw-c)- Hy: K(QC.U. Er)

where X = | HH HV VV |T =T + C = measurement vector.

T =target component of X, C =clutter component of X, 8 = threshold. and

%, = E[XX'] = covariance of measurement X, similarly for £, and ¢y = T, + Z..

Table 5.1: Polarimetric target detectors.

Our approach is motivated by the fact that. in practice, a scattering center target to be detected is
completely known except for its amplitude m. absolute phase p, and orientation ¥ about the line-of-sight.

We explicitly denote these unknowns in our model of the received signal

Hy: Xp= C+m-R(p)P(¥)Tn

where we have switched to the real vector representation of the data as in 3.2. In this model. T, is the
nominal target with amplitude m £ 1, phase p £ 0. and orientation about the line-of-sight ¥ £0. After
premultiplying T,, by the matrices P(¥) and R(p) and the scalar m. the resulting target contribution has
amplitude m, phase p, and orientation . The form of R(-) and P(-) are found easily and are not presented
here. In addition. the clutter is taken to be distributed as K'(a,0.Z), where T is given by 3.7 and a is given
. at the end of Section IIIB.

If m. p. and 9 were known then this problem is one of testing for a completely known target in noise of

known statistics

Hy: Xg: K(a.0,%)
Hy: Xgr: K(a.m-R(p)P(¥)T,, L).
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The resulting polarimetric likelihood ratio test for K-distributed clutter {PLRTK)

pxia, (X|Hy) 8 3
pxime( XIHo)
chooses between hypotheses with uncemmon means and common covariances and its performance relative
to the OPDK of Table 5.1, a cormmon means - uncommon covariances test. is not known.
Since m, p, and ¥, are typically unknown we estimate them in the maximum likelihood (ML) sense and
implement a generalized likelihood ratio test (3]
maXm,p. ¢ p)(lm,p.w(le* 2 ¥)

Pxino{ X|Ha)

which is simply the standard PLRTK with the unknown quantities replaced by their ML estimates. The

H,
¥ s 5.10
Ho

performance of this polarimetric GLRT for K-distributed clutter (PGLRTK) as a function of the target-to-
clutter ratio (t/c) and relative to the PLRTK and OPDK is not known.

V1. Preliminary Results in the GLRT Design

This section presents our preliminary results in the implementation of the PGLRTK of 5.10. A potential
closed form expression for the ML estimate of target amplitude m is derived as a function of the ML estimates
of p and 9. This result reduces the search for the maximum of the likelihood function from three dimensions
to two bounded dimensions. Next we add a known target to our forest clutter image data. obtain ML
estimates of its amplitude, phase and orientation, and view the two-dimensional likelihood function.

We begin by looking for closed form expressions for the ML estimates of m. p, and 9. If we let X, =

£-1/2X be the whitened version of the measurement vector X then
X : K(a,mZ7 V2 R(p)P(¥) T, 1)

and the likelihood function under H, is of the form

il

QulIX = my D9 Koy (Qull X = my D))
£7Y2R(p) P(4)Tn

pxw‘mvavw(xl"’p’ ¢)
D

2

where m,, is the amplitude of the “whitened target” D and the (); are non-zero constants independent of
My, p. and ¥. To find the ML estimate of m,, we solve
3wazmu,.p.w(X¥mwap~1/J)

om,,
X - M4y D||2* (i DTD — XT D) f(1n,) 6.11
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where f(my) 1s a complicated function of m,, involving the modified Bessel function K. The first term of
6.11 is zero only with probability zero. The second term is zero for

XTp

75 6.12

My =

This expression for m.,, is intuitively pleasing since it is the projection of the measurement vector X onto the
“whitened target” target D. Given values for p and ¢, we see that D is determined and m,, may be computed
from 6.12. Thus, we need to search only over p and ¢ for a local extremum of the likelthood function. Iu
fact. the two-dimensional search is bounded since p € [~7/2.7/2]. ¥ € [0.7]. Further investigation is needed
to determine whether f(m,) = 0 for some m,, and hence to discover whether the local extremumn found
from the two-dimensional search is also a global extremum. In the simulations that follow we use the two-
dimensional search procedure to generate the “at least local™ ML estimates of mn,,, p. and ¢. Once the ML
estimate of m,, has been found then the effects of whitening and of omitting the VH measurement from X

may be removed to yield the ML estimate of m

™ TR PWT

Next we test the ability of the ML search procedure described above to produce accurate estimates of
the true target amplitude, phase. and orientation. To each of 50 clutter pixels {C;, ¢ = 1..... 50} taken
from the polarimetric clutter images of Figure 2.2 we added a linear target of amplitude m = 0.0104. phase

p = 90°, and orientation ¥ = 0° to produce {Y;.: =1..... 50} given by

C: + 0.0104 - R(90°)}P{0*)T,

i

T, [1 0000 0]

For each of the Y;, we computed the ML estimates of m, p, and ¥ using the two-dimensional search procedure
described above. The search was carried out in 5° increments of p and . We then repeated the same
experiment except that this time we set the linear target orientation to 3 = 90°.

Figure 6.6 shows the ML estimates of m. p, and ¥ for the two experiments plotted against their true
values. In addition, the figure shows t/c = 20log(||0.0104 - R(90°)P(0°)T;||/{|Cil]) in dB. When v was
estimated to be 175% in (c), we plotted it as —5° Figure 6.6 shows that the experiment with a target
" orientation of 9 = 90° produced qualitatively better ML estimates of target amplitude m and phase p
than did the experiment with ¥ = 0°. This is explained by noting that the clutter histogram of ¥ (see
Figure 4.5(e)) is concentrated around 0° and is relatively small at ¥ = 90°. As expected. the ML estimatcs
improve when t/c is large. Figure 6.7 shows contour plots of the likelihood functions px_im o.¢( X|m. p.¥)

versus p and ¥ for pixel Y13 which has t/c = 20log,,(m/||Cis||) = 7.96 dB. The likelihood functions display
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a strong single peak characteristic which is expected for linear target detection. This would suggest the use

of a gradient-based search technique for lincar scatterers.

VII. Conclusions

This report presents the results of work accomplished during the 8-week AFOSR summer research pro-
gram at the AARA lab of Wright Patterson Air Force Base. The goal of this work is a scheme for detecting
scattering center targets in clutter using ultra-wideband fully-polarimetric SAR data. First. we analyzed
the statistics of forest clutter and found that the K-distribution provides a better model of the clutter than
does the Gaussian distribution. In addition. histograms of the Huynen parameters of the forest clutter are
provided to characterize the types scattering mechanisms present in the forest and hence to lend insight into
the types of man-made scattering centers that are more easily distinguished from clutter with an appro-
priate detector. Next. we presented a new approach to polarimetric scattering center detection that lecads
to a generalized likelihood ratio test for scattering center detection in K-distributed clutter (PGLRTK).
This test provides detection capability in the presence of unknown target amplitude, absolute phase. and
orientation about the line-of-sight. This polarimetric GLRT approach is equally applicable to other clutter
types. Further work is needed to determine whether or not the ML estimates resulting from the bounded
two-dimensional search do indeed lead to the global maximum of the likelihood function. In addition, the
performance of the PGLRTK needs to be compared with currently available detectors. This comparison
should be made by first assuming perfect estimation of the unknown parameters and then by studying the

loss of performance due to miss-estimation of the parameters in lower target-to-clutter-ratio scenarios.
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